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Itä-Afrikan petoeläinfauna on muuttunut huomattavasti viimeisten seitsemän miljoonan vuoden aikana. 
Vaihtuvuus faunan sisällä vaikutti taksonomiseen kokoonpanoon mioseenin lopussa, ja johti sekä 
lajimäärän että toiminnallisen monimuotoisuuden alenemiseen plioseenin ja pleistoseenin aikana, mitkä 
taas johtivat nykyisen petoeläinfaunan muotoutumiseen. Tämän työn tavoitteena oli tarkastella, miten Itä-
Afrikan petoeläinkillan ekologinen rakenne on muuttunut ajan kuluessa tulkitsemalla sukupuuttoon 
kuolleiden petoeläinten ruokavalioita kahdesta eri löytöpaikasta Turkanan allasalueella, joka on 
merkittävä fossiilien löytöalue Pohjois-Keniassa. Ensimmäinen löytöpaikka on Lothagam, joka kattaa 
aikajakson 7,4–5,3 Ma sitten, kun taas toinen löytöpaikka on Koobi Fora, joka kattaa aikajakson 3,4–1,38 
Ma sitten. 
 
Menetelmänä käytettiin ekomorfologista analyysia, johon sisältyi petoeläinten hampaiden ja alaleuan 
ominaisuuksien tarkastelu, sekä myös petojen ja osan niiden potentiaalisten saaliseläinten ruumiin kokojen 
arviointi. Petoeläimet luokiteltiin neljään eri ruokavalioluokkaan niiden hampaiden mittausten 
suhdelukujen perusteella: lihansyöjä, luita murskaava lihansyöjä, lihapainotteinen kaikkiruokainen ja 
kaikkiruokainen. Lisäksi yksittäiset taksonit arvioitiin joko pieneen tai suureen riistaan erikoistuviksi 
pedoiksi niiden ruumin koon ja alaleuan paksuuden perusteella. 
 
Tulosten mukaan Lothagamin petoeläinkilta koostui pääosin lihansyöjistä ja lihapainotteisista 
kaikkiruokaisista. Lothagamista puuttuivat luita murskaavat lihansyöjät ja kaikkiruokaiset. Koobi Foran 
petoeläimillä oli enemmän vaihtelua hampaiden suhdeluvuissa yksittäisten taksonien välillä. Lothagamin 
kiltaan verrattuna Koobi Foran kilta sisälsi myös luita murskaavia lihansyöjiä, sekä suurikokoisia 
kaikkiruokaisia, joita ei enää nykyisin ole Itä-Afrikassa. Ruokavalioluokkien muutosten lisäksi Koobi 
Foran petoeläinten ruumiin koko kasvoi verrattuna Lothagamin petoeläimiin, mikä tapahtui samaan aikaan 
saaliseläinten ruumiin koon kasvun kanssa ainakin onttosarvisten osalta. 
 
Tulosten perusteella tehdyt havainnot viittaavat siihen, että jotkut sukupuuttoon kuolleista petoeläimistä 
muuttuivat ekologialtaan entistä erikoistuneemmiksi plioseenin ja pleistoseenin aikana, mikä 
todennäköisesti teki niistä alttiimpia sukupuutolle muuttuvien elinolosuhteiden aikana ekologisesti 
joustavampiin taksoneihin verrattuna. 
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1. INTRODUCTION 
 
1.1. Background and aim of this thesis 
Mammals of the order Carnivora, such as lions and hyenas, are iconic members of the 
modern East African mammal fauna. The fossil record reveals that the carnivoran fauna 
in eastern Africa has changed drastically over the last seven million years (Werdelin 
2013).  During this time, several turnover events altered the East African carnivore guild, 
which eventually lead to the appearance of the modern carnivoran fauna in that region. 
During the Late Miocene, about 7.4–5.3 Ma ago, the carnivoran fauna was mostly 
represented by extinct taxa without any modern counterparts (Werdelin 2013). Most of 
these taxa became extinct by the end of the Miocene epoch 5.33 Ma ago (Leakey et al. 
1996). However, some of these extinct carnivorans were possible ancestors, or at least 
closely related to many of the Plio-Pleistocene taxa (Werdelin 2003). After the turnover 
close to the Miocene-Pliocene succession, the carnivorans had reached their greatest Plio-
Pleistocene species richness during early Late Pliocene around 3.6 Ma ago (Werdelin and 
Lewis 2005). The carnivoran fauna at this time is described as a greater mixture of extinct 
genera and early representatives of the modern genera (Werdelin 2013).  
From approximately 3 Ma ago, origination rates for new species slowed down, whereas 
extinction rates increased, which over time lead to a considerable reduction in species 
richness (Werdelin and Lewis 2005). This gradual turnover that started during the Late 
Pliocene and ended sometime after 1.5 Ma ago altered the entire ecological structure 
within the fauna (Werdelin and Lewis 2013a). According to Werdelin and Lewis (2013a), 
the reduction in species richness was accompanied by a drastic reduction in so called 
functional richness, which indicates the range of potential ecological variation in the 
fauna. While the extant large carnivore guild in East Africa is impressive by modern 
standards, it is only a tiny fragment of what it used to be millions of years ago. Compared 
to the carnivore guild from around 3 Ma ago, the functional richness of the modern guild 
is only 1.5 % of what it used to be (Werdelin and Lewis 2013a). This implies that some 
of the extinct genera operated in vastly different ecological niches than any of the extant 
taxa.  
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The aim of this thesis is to make inferences on the feeding ecology of extinct East African 
carnivorans from two sites located in the Turkana Basin in northern Kenya. The first site, 
Lothagam, covers the last two million years of the Miocene epoch, whereas the second 
site, Koobi Fora, represents the Plio-Pleistocene interval. These sites are chosen because 
they are extremely fossil-rich, and they have contributed extensively to our knowledge 
on faunal changes in East Africa (e.g. Leakey et al. 1996, Behrensmeyer et al. 1997). By 
comparing these two sites it is possible to assess how the niche space within the carnivore 
guild has changed over time. I will approach this question through an ecomorphological 
analysis, which is divided into two parts. The first part is to identify the dietary 
specializations of fossil carnivorans based on the characteristics of their teeth. The second 
part is to examine prey size preference in individual taxa by estimating their body size, 
and by measuring their mandible depth. I will also estimate the body size of some of their 
potential prey animals, in this case bovids. I will then interpret this information in an 
environmental context, which includes habitat preferences and potential diets for 
individual taxa. 
 
1.2. Introduction to carnivoran ecomorphology 
Ecomorphology is the study of form-function relationships in living animals, which are 
then applied to fossil taxa in order to make inferences about their behaviour and 
interactions with the environment (e.g. Reed 2013, Andrews and Hixson 2014). 
Ecomorphology is a very useful method in palaeoecological studies because it is 
quantitative instead of qualitative. Measuring certain skeletal traits and making inferences 
based on those traits is a more preferable way to study fossil taxa rather than just assume 
similar behaviours to their living relatives just because of their taxonomic identification. 
In that sense, ecomorphology can be considered a taxon-free method, although it is still 
limited to a higher taxonomic unit, such as family or order because broader groups of 
animals usually do not show similar trends with certain traits (Andrews and Hixson 2014).  
1.2.1. Tooth morphology and its dietary implications 
Mammal teeth are first-rate ecomorphological characters because they provide direct 
information about the diets of their former owners. While diets can be deduced in multiple 
ways, such as by looking at tooth wear patterns or chemical tracers, this thesis focuses on 
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tooth shape and how it relates to the animal’s feeding ecology. This is based on a premise 
that the mechanical properties of food items influence tooth shape in a way that it would 
be easy to fracture said food. Mechanical properties refer to the way how different 
materials resist fracture under stress.  Food materials can be divided into two categories 
based on their mechanical properties: hard foods and tough foods (Lucas 2004 p. 203). 
Hard foods, such as bone, invertebrate shells and plant seeds, are crack-resistant, their 
defensive strategy is to prevent crack initiation on their surface. Because hard foods can 
endure a lot of stress before they yield, they consequently store a lot of energy, which 
enables crack propagation (Lucas 2004 p. 203). This means that after initial crack 
formation, the food item becomes brittle and fractures easily. Mammals that eat hard 
foods are expected to have robust teeth with thick, loose-fitted (bunodont) cusps, which 
can concentrate bite force on a small surface area safely without risk of tooth damage 
(Lucas 2004 p. 99, 101).  
Tough foods, in this case vertebrate soft tissues, differ mechanically from hard foods by 
suppressing crack growth instead of preventing the crack from forming (Lucas 2004 p. 
203). Although it is easy to initiate a crack on tough food types, they tend to stretch during 
stress. This stretching can prevent fracture by effectively blunting the crack tip so that it 
cannot advance further (Lucas 2004 p. 113). Blade-like teeth, which are characterized by 
elongated and sharp crests that connect cusps together, are designed to fracture tough 
foods because opposing blades that slide past each other can keep up with the crack tip to 
prevent the crack from blunting (Lucas 2004 p. 113). 
Members of the order Carnivora, as the name suggests, are inherently carnivorous, 
although there is considerable dietary variation within the order. Because even the most 
herbivorous carnivorans, such as the red panda (Ailurus fulgens, Hunter 2011 p. 140), 
occasionally eat meat, the relevant question regarding the feeding ecology of individual 
taxa is how much meat is included in their diets. Every carnivoran possesses a carnassial 
tooth pair, which includes the upper fourth premolar and the lower first molar. In most 
carnivorans, the carnassials are highly-modified shearing blades that slide past each other 
during tooth occlusion, which essentially works like scissors. The carnassials are the 
primary meat-slicing teeth in all carnivorans, whereas hard food items are usually 
processed with the post-carnassial molars, or with the premolars in front of the 
carnassials. Because the carnassial teeth are a fundamental part of the evolution of this 
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mammalian order, the amount of meat in the diet is expected to be reflected in the shape 
of the carnassials (e.g. Van Valkenburgh 1988, Holliday and Steppan 2004, Friscia et al. 
2007). Extremely carnivorous taxa, such as cats (Felidae), have well-developed shearing 
crests on the carnassials, and they have also committed to the shearing function of the 
teeth by reducing their post-carnassial molars (Van Valkenburgh 2007). On the other 
hand, highly omnivorous taxa that eat very little meat, such as raccoons (Procyonidae), 
tend to have poorly-developed or absent shearing crests on the carnassials in addition to 
well-developed post-carnassial molars, which emphasize the crushing function of the 
teeth at the expense of shearing (Van Valkenburgh 2007). Most carnivorans are 
intermediate between these two extremes, so that individual taxa grade towards one of 
the extremes, which is reflected in their degree of blade development on the carnassials 
(Wesley-Hunt 2005, Friscia et al. 2007). This is focused on the cheek teeth (premolars 
and molars) because they are mainly used to masticate food, whereas the incisors and 
canines are more involved in food ingestion. 
1.2.2. Carnivoran body size and its influence on feeding ecology 
Body size is an important ecomorphological trait for carnivorans because it is positively 
correlated with prey size (e.g. Gittleman 1985). Carnivorans that have reached a certain 
size would simply be strong enough to chase down and kill relatively large prey, whereas 
their smaller relatives are limited to small prey. Research on carnivore energetics 
(Carbone et al. 1999, 2007) has built on earlier work by establishing size thresholds, 
which indicate predatory behaviour. According to Carbone et al. (1999), carnivorans that 
weigh over 21.5 kg tend to hunt prey animals that are similar in size or larger than the 
predator, whereas carnivorans below this size threshold tend to hunt small prey up to 45 
% of predator mass. This does not mean that there are no large-bodied small-prey 
specialists, or smaller carnivores that hunt relatively large prey. It is thought that beyond 
this size threshold, the energetic costs eventually increase to the point, where it would be 
more difficult for large carnivores to sustain themselves with small prey. More in-depth 
work on carnivore energetics (Carbone et al. 2007) has shown that carnivorans, which 
weigh around 15 kg, already have high enough daily energy costs that a shift towards 
large prey provides an increase in daily energy intake. It helps to explain why some 
exceptional taxa around this size will occasionally kill large prey, although it is more 
difficult than killing small prey. According to Carbone et al. (2007), the difference 
between these so called transitional taxa and the over 21 kg taxa is that the transitional 
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taxa can still readily shift between small prey and large prey. Based on different energy 
expenditure and intake rates, the authors predicted that the maximum size limit for a 
small-prey specialist is about 45 kg, whereas the size limit for large-prey specialists is 
about 1100 kg. Thus, body size can lead to further niche partitioning among sympatric 
carnivorans by influencing prey size preference. 
There are two ways to estimate body size on fossil taxa. One is to simply estimate a 
relative size by comparing some skeletal dimensions of a fossil specimen to extant 
species. Absolute body mass can be estimated by predictive equations derived from 
regression analyses based on extant taxa. Regression analysis estimates the correlation 
between a specific independent variable (skeletal measurements) and a dependent 
variable (body mass) that changes along with the independent variable. Two different 
parameters are often used to evaluate the accuracy of the equation: %PE (percent 
prediction error) and %SEE (percent standard error of the estimate). For definitions of 
these parameters, see Van Valkenburgh (1990). To produce reasonable body mass 
estimates for fossil taxa, the predictive equations have to be derived from a suitable 
reference group of extant taxa that are morphologically similar to the fossil taxa, so they 
are expected to scale similarly with body size (e.g. Fortelius 1990, Janis 1990). Body 
mass estimates for fossil taxa are usually limited to equations based on tooth dimensions 
because teeth are more commonly preserved in the fossil record than other fossil material. 
1.2.3. Limb bone morphology and habitat preference in extant carnivorans 
Besides body size, habitat preference is another factor that affects resource partitioning 
between sympatric carnivorans through prey choice. Prey animals that occur in similar 
habitats are likely more important food sources for predators than prey animals that rarely 
interact with said predators by living in different environments. Habitat preference in 
carnivorans is linked to predatory behaviour, which is reflected in their limb morphology 
(overall shape and proportions of individual bones). Carnivoran species are coarsely 
classified as cursorial predators or ambush predators. Cursorial, i.e. running-adapted 
predators (either endurance running or short term high-speed running) have relatively 
long distal limb bones compared to the humerus or femur (e.g. Anyonge 1996), a 
posteriorly bent elbow (Van Valkenburgh 1987), and reduced phalanges relative to the 
metapodials (Van Valkenburgh 1987). Essentially, cursorial predators have increased 
their stride length and reduced the energy costs of movement by having relatively slender 
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and inflexible forelimbs. Ambush predators, e.g. climbing-adapted animals tend to have 
relatively robust forelimbs and short distal limb bones (Anyonge 1996), a straight or 
anteriorly bent elbow (Van Valkenburgh 1987) and reduced metapodials relative to the 
phalanges (Van Valkenburgh 1987, Anyonge 1996). Compared to cursorial predators, 
ambush predators have more flexible forelimbs, which are better at grabbing and holding 
prey animals. 
Some studies have established that cursorial adaptations in carnivorans are linked to some 
degree with open environments (e.g. Palmqvist et al. 2008, Polly 2010, Meachen et al. 
2015).  In general, cursorial predators are expected to inhabit more open environments, 
where fast speed and endurance are beneficial in prey capture due to increased visibility. 
Ambush predators are expected to rely more on vegetational cover in order to approach 
prey animals undetected. However, postcranial inferences are not the focus of this thesis 
because many fossil carnivorans are only known by their teeth and jaws because they are 
more commonly preserved. Teeth and jaws are also more easily identified than limb 
bones. Still, this part is reserved for discussion on individual taxa whenever there is 
sufficient fossil material available for said taxa.  
 
2. GEOLOGICAL SETTING 
The Turkana basin (figure 1) is a structural depression situated between the Kenyan 
plateau and the Ethiopian plateau. The Turkana basin includes areas around Lake Turkana 
in northern Kenya, and the lower Omo valley in southern Ethiopia. The basin is part of 
the East African Rift System (EARS) near the branching point of Kenya and Gregory rifts 
(Morley et al. 2010). The landscape around the basin has mainly been modified by a 
combination of volcanic activity and crustal extension associated with the EARS since 
the Late Eocene 36 Ma ago (McDougall and Brown 2008a, Brown and McDougall 2011). 
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Figure 1. Map of the Turkana Basin (modified after Bobe 2011). Grey areas indicate outcrop areas for 
geological formations. Formations related to this study are pointed by lines. 
The Turkana basin has been a major depository of Cenozoic fossiliferous sediments since 
the Late Oligocene about 25 Ma ago (McDougall and Brown 2008a, Brown and 
McDougall 2011). The establishment of the EARS in the basin area resulted in several 
N-S- trending half-graben structures (Dunkelman et al. 1988, Morley et al. 1992, figure 
2), which have accumulated thick layers of sediments from the surrounding highlands. 
The basin also has traces of older NW-SE- oriented fault features associated with the 
Mesozoic–Paleogene Anza rift (Ebinger et al. 2000, Morley et al. 1992), which probably 
influenced sediment accumulation in the basin until Early Pliocene times (Feibel 2011). 
Remnants of Anza rift features were mostly overlain by younger basalts and faults that 
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were related to the development of the modern basin from about 4.3 Ma ago (Brown and 
McDougall 2011).  
The evolution of the EARS and the beginning of structural development of the modern 
basin lead to significant changes in sediment accumulation in the basin during the Plio-
Pleistocene. Long term subsidence of the basin provided more accommodation space for 
Plio-Pleistocene sediments, which continued to accumulate until Middle Pleistocene 
about 700 ka ago (Feibel 2011). Many similarly aged Plio-Pleistocene outcrops in 
northern Kenya and southern Ethiopia indicate that the basin became a more synchronized 
depositional environment during this time compared to earlier phases of the basin. 
The final significant development of the Turkana basin occurred from 200 ka ago 
onwards, after a 500-ka gap in sedimentation (Feibel 2011). Subsidence in the area 
beneath Lake Turkana reactivated older faults, and lead to footwall uplifts in the basin 
area (Feibel 2011). Therefore, fossiliferous outcrops in Lothagam and Koobi Fora 
localities became exposed once more near the shores of Lake Turkana (figure 1). 
 
Figure 2. Half-graben structure associated with the Turkana basin (modified after Feibel 2011). A half-graben 
forms as two oppositely inclined normal faults drop a central block downwards. The other fault is less 
developed than the opposite fault, which results in a relatively shallow ramp at the weakly faulted side. 
Sedimentary strata tend to thicken towards the major fault. 
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2.1. Nawata Formation 
The Nawata Formation is exposed at Lothagam, southwest of Lake Turkana (figure 1). 
Lothagam is an uplifted footwall of a normal fault, which is a part of the Kerio half-
graben (Morley et al. 1992, Feibel 2003). The Nawata Formation represents the only Late 
Miocene sedimentary sequence in the Turkana basin. The formation covers an 
approximate age range of 7.4–5.0 Ma (McDougall and Feibel 1999). 
2.1.1. Stratigraphy and depositional setting 
The Nawata Formation is mostly composed of alternating sandstones and mudstones 
associated with a fluvial environment. There are also occasional volcaniclastic tephra or 
tuff layers mixed within the sandstone and mudstone strata, which have provided 
important spatial and geochronological markers for the Nawata Formation (McDougall 
and Feibel 1999). Based on one of these marker tuffs in the middle of the type section 
(figures 3 and 4), the Nawata Formation is informally divided into Lower Nawata and 
Upper Nawata members. The complete thickness of the formation is 262 m in the type 
section (Feibel 2003). 
The Lower Nawata (figure 3) is bounded by underlying basalts of the Nabwal Arangan 
beds and by a red marker tuff upper in the sequence (McDougall and Feibel 1999). The 
basal strata of the member are characterized by poorly sorted, coarse-grained 
conglomerates composed of volcanic cobbles, that do not occur in the upper units of the 
member (Feibel 2003). The basal conglomerates likely accumulated in a braided river 
channel close to the provenance. The rest of the sequence is dominated by upward-fining 
cycles of sandstones and mudstones, with occasional tephra layers and thin layers of 
ostracod-bearing limestones. According to Feibel (2003), the sandstones of the member 
commonly display low-angle planar cross-stratification as well as medium- to large-scale 
planar and trough cross-bedding. Fossil reefs of the Nile oyster (Etheria elliptica) are also 
common within the sandstones of the member, which indicates perennial river flow 
(Feibel 2011). Mudstones preserve marks similar to vertisols, typical flood plain soil type 
(Wynn 2003).  The changes in lithology compared to the basal strata indicate that the 
earlier braided river system was replaced by a meandering river channel surrounded by a 
floodplain with shallow ponds (Feibel 2003). 
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Figure 3. Type sections of the Lower Nawata Member (modified after Feibel 2003).  
The Upper Nawata (figure 4) covers the last 125 m of the Nawata Formation. The basal 
unit of the member is a marker tuff in the middle of the formation, whereas the top of the 
member is overlain by thicker strata assigned to the Apak member of the Nachukui 
Formation (McDougall and Feibel 1999). The Upper Nawata is lithologically similar to 
the Lower Nawata, but there is a greater proportion of sandstone than mudstone. 
However, according to Feibel (2003), the sandstones of the basal and middle parts do not 
contain so many Etheria-reefs, which indicates a change to a more periodical river flow. 
The number of Etheria-reefs increases in the upper parts of the member. There was also 
a temporary reduction in volcanic activity based on the absence of major tephra 
occurrences until the purple marker at the top of the member. Thus, the depositional 
system of the upper member temporarily returns to Lower Nawata conditions before the 
accumulation of Apak sediments began. 
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Figure 4. Type section of the Upper Nawata Member (modified after Feibel 2003). 
2.1.2. Fossil mammals 
Fossil mammals of the Nawata Formation represent a mixture of taxa endemic to Africa 
and Late Miocene immigrants from Eurasia (Leakey et al. 1996). The fossils are 
significant because they represent the only Late Miocene fauna in the Turkana basin, and 
they include many last and first occurrences of taxa (Leakey et al. 1996, Leakey and 
Harris 2003). The first occurrences include some modern genera. The decline of some of 
the more archaic mammals and the first appearance of modern genera indicates a 
beginning of a turnover leading to the establishment of the modern East African mammal 
fauna. 
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The carnivorans of the Nawata Formation (table 1) differed considerably from the modern 
East African carnivorans. Like today, cats (Felidae), hyenas (Hyaenidae) and mustelids 
(carnivorans belonging to the family Mustelidae, for example otters and badgers) were 
present, but they were represented by extinct genera. Large cats exclusively belonged to 
the sabretooth subfamily Machairodontinae. The hyenas were mostly represented by dog-
like forms such as Ictitherium ebu. Another notable hyena was Ikelohyaena abronia, a 
close relative of the modern striped hyena (Hyaena hyaena). Mustelids were represented 
by Ekorus ekakeran of an unknown evolutionary lineage in addition to an 
enhydriodontine otter Vishnuonyx angololensis, as well as Erokomellivora lothagamensis 
of the honey badger lineage (Werdelin 2003). The most archaic components of the 
carnivore assemblage are two species of amphicyonids, which record one of the youngest 
occurrences of the extinct family Amphicyonidae (Werdelin and Simpson 2009). Fossil 
viverrids (e.g. civets and genets), on the other hand, represent the most modern 
components of the carnivore assemblage. Two species of the extant genus Genetta are 
recorded from the Nawata Formation. At least one species has been assigned to the extant 
genus Viverra, which only occurs in Asia today. According to table 1, all of the 
amphicyonid, mustelid and viverrid taxa have incomplete occurrences within the 
formation. This does not necessarily mean that they were not present during the entire 
sequence. It is certainly possible that some of these taxa became extinct during the Lower 
Nawata, while some of them appeared in the Upper Nawata. However, considering that 
carnivores are naturally less abundant than herbivores, they are usually under-represented 
in the fossil record. Thus, carnivore first and last appearances are less reliable compared 
to large herbivores, so they need to be interpreted carefully. 
Table 1. Carnivores of the Nawata Formation. Taxon names are gathered from Werdelin (2003) and 
Werdelin and Simpson (2009).  
Family Taxon Occurrence 
Amphicyonidae Amphicyonidae sp. A Lower Nawata 
Amphicyonidae Bonisicyon illacabo Upper Nawata 
Felidae Dinofelis sp. Lower-Upper Nawata 
Felidae Lokotunjailurus emageritus Lower-Upper Nawata 
Felidae Metailurus sp. Lower-Upper Nawata 
Hyaenidae Hyaenictis sp. Lower-Upper Nawata 
Hyaenidae Hyaenictitherium parvum Lower-Upper Nawata 
Hyaenidae Ictitherium ebu Lower-Upper Nawata 
Hyaenidae Ikelohyaena abronia Lower-Upper Nawata 
Mustelidae Ekorus ekakeran Lower Nawata 
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Mustelidae Erokomellivora lothagamensis Upper Nawata 
Mustelidae Vishnuonyx angololensis Lower Nawata 
Viverridae Genetta sp. A Lower Nawata 
Viverridae Genetta sp. B Upper Nawata 
Viverridae Viverra cf. leakeyi Lower Nawata 
Viverridae Viverrinae sp.  Lower Nawata 
 
The large herbivore fauna of the Nawata Formation was very diverse, as indicated by the 
presence of at least four species of proboscideans (elephants and their extinct relatives), 
three giraffids (giraffes) and five species of suids (pigs) (Leakey et al. 1996, Leakey and 
Harris 2003). The pigs, giraffes, horses and hippos were represented by extinct genera. 
The proboscideans and rhinos had some modern elements, such as relatives of the modern 
Asian elephant (Elephas) and the black rhino (Diceros), respectively. Bovids (antelopes 
and cattle), on the other hand, were the most modern elements of the fauna. All the extant 
African bovid tribes: Aepycerotini, Alcelaphini, Antilopini, Bovini, Reduncini, 
Neotragini and Hippotragini were present in addition to now exclusively Asian 
Boselaphini. 
2.1.3. Palaeoenvironment 
The Nawata Formation is one of the oldest sequences in Africa deposited after a global 
event when C4 plants (mostly tropical grasses in seasonally arid environments) became 
more abundant components of the vegetation (Cerling et al. 2003). C4 plants have a 
competitive advantage over C3 plants during low CO2 conditions especially in hot and 
seasonally arid environments. The spread of C4 grasslands in eastern Africa during the 
Late Miocene has been linked to the global reduction of atmospheric carbon dioxide, and 
reduced precipitation in the continents due to cooling Oceans during the Late Miocene 
(Zachos et al. 2001). However, C4 grasslands were not yet dominant habitat types during 
the Late Miocene, although C4 grasses were clearly utilized by some of the large 
herbivores (Cerling et al. 2003). 
Carbon isotopes from palaeosols and tooth enamel of fossil herbivores (figure 5) strongly 
hint at a mixed C3 and C4 vegetation. According to figure 5, fossil proboscideans and 
horses had a mostly C4-based diet, whereas hippos and pigs had a more mixed diet 
towards the end of the Nawata Formation. Oxygen isotopes from palaeosols indicate that 
the southwestern Turkana Basin was still relatively humid during the Nawata Formation 
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compared to the modern Turkana Basin (figure 6), supporting more wooded habitats. The 
palaeosol and faunal evidence indicate a diverse mixture of woodland and grassland 
habitats. 
 
Figure 5. 𝛿13C values from pedogenic carbonates and tooth enamel of fossil proboscideans, hippopotamids 
(hippos), equids (horses) and suids (pigs) (modified after Cerling et al. 2003). The values of the Nawata 
Formation are enclosed within ellipses. Closed circles are reference samples of the modern Turkana Basin. 
The values indicate a mixed C3/C4 ecosystem during the Nawata Formation.  
Palaeosols in the Lower Nawata indicate that the surrounding vegetation was a gallery 
forest, which transitioned into open woodland further from the river system (Wynn 2003), 
though there were some changes in vegetation between the two members. According to 
Wynn (2003), the changes in palaeosol types in the Upper Nawata member indicate that 
the woodland was replaced by a drier scrubland. Stable isotopes support this 
interpretation. The Upper Nawata palaeosols are more enriched in oxygen-18 (figure 6), 
which indicates a reduction in precipitation and an increase in evaporation compared to 
the Lower Nawata. 
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Figure 6. 𝛿18O values of palaeosols (small open circles) compared to the values of the modern Turkana 
Basin and East Africa (modified after Cerling et al. 2003). The values of the Nawata Formation are enclosed 
within an ellipse. More depleted values indicate relatively humid conditions in the past compared to the 
modern Turkana Basin. 
The fossil bovid assemblage is also in support of this interpretation. Fossil bovids have 
been used as environmental indicators based on the habitat preferences of extant species 
(Bobe 2006, 2011). Alcelaphines, antilopines and hippotragines tend to inhabit more open 
and seasonally arid environments. Reduncines, and bovines occur nearby water sources. 
Tragelaphines tend to be woodland inhabitants. Aepycerotines are more generalized 
bovids occurring between wooded and open habitats. Aepycerotines are the most 
common bovids throughout the Nawata Formation (Harris 2003). Alcelaphines, 
antilopines and hippotragines are quite rare in the Lower Nawata, but they increase in 
abundance in the Upper Nawata (figure 7), which indicates an increase in open habitats. 
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Figure 7. Abundance of modern bovid tribes Alcelaphini, Antilopini and Hippotragini (AAH) as a percentage 
of all bovid specimens in the Nawata Formation (modified after Bobe 2006). 
 
2.2. Koobi Fora Formation 
2.2.1. Stratigraphy and depositional setting 
Sediments associated with the Koobi Fora Formation are exposed along the eastern shore 
of Lake Turkana (figure 1). The type sections of this formation come mostly from the 
north-eastern Turkana basin adjacent to the Koobi Fora region (Brown and Feibel 1986). 
Geochemically distinct volcanic ash layers have been used to divide the Formation into 
eight members (table 2). However, this thesis will only focus on four members: Tulu Bor 
(3.44–2.62 Ma ago), upper Burgi (2.06–1.87 Ma ago), KBS (1.87–1.58 Ma ago) and 
Okote (1.58–1.38 Ma ago). Other members older than Tulu Bor or younger than Okote 
do not have sufficient fossil material for this thesis. Apart from a half a million-year gap 
between the Tulu Bor Member and the upper part of the Burgi Member, these members 
are continuous in time and have a comparable duration to the Nawata Formation. 
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Table 2. Members of the Koobi Fora Formation and their respective ages (based on McDougall and Brown 
2008b).  
Member Lonyumun Moiti Lokochot Tulu 
Bor 
Burgi KBS Okote Chari 
Time 
slice 
(Ma) 
4.3–3.95 3.95–
3.6 
3.6–3.44 3.44–
2.62 
2.62–2.06 
(lower); 
2.06–1.87 
(upper) 
1.87–
1.58 
1.58–
1.38 
1.38–
0.6 
 
Since the base of the Koobi Fora Formation, shifts between a lake-dominated and a river-
dominated phase have been a major feature of the depositional system in the Turkana 
Basin (Feibel 2011). The basin was occasionally covered by a larger lake than the modern 
Lake Turkana, only to be regressed or completely replaced by river systems afterwards. 
Koobi Fora strata record these depositional changes. 
The Tulu Bor Member is constrained between the basal Tulu Bor tuff and the overlying 
Burgi tuff (Brown and Feibel 1986). The Tulu Bor strata (figure 8) are characterized by 
several upward-fining cycles. The base of each cycle is composed of medium- to coarse-
grained sandstones with medium-scale trough and planar cross-bedding (Brown and 
Feibel 1986). The sandstones are occasionally accompanied by Etheria-reefs and 
compact conglomerates that indicate deposition in a river channel. Channel sandstones 
are replaced by finer-grained silt and claystones, which occasionally include thin mollusc 
layers. The claystones often display pedogenic dish-fractures, which indicates subaerial 
conditions (Brown and Feibel 1986). The middle part of the member consists of thick 
layers of laminated silts and clays (figure 8). The upper part of the member is also a finer-
grained sequence of fine sand, silt and clay. 
Iterative upward-fining cycles and pedogenic features in the claystones are characteristics 
of a floodplain environment. A large part of the Turkana Basin was covered by this so 
called Tulu Bor floodplain during the time slice of the Tulu Bor Member and the lower 
Burgi Member (Feibel 2011). During this time, the river system extended to the 
southeastern Turkana Basin, where it formed a fluvial outlet to the Indian Ocean (Feibel 
2011). 
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Figure 8. Type section of the Tulu Bor Member (modified after Brown and Feibel 1986). Scale is in meters. 
The Tulu Bor floodplain was succeeded by Lake Lorenyang (Feibel 2011), a major lake 
phase near the onset of the upper Burgi Member. The upper Burgi is constrained between 
a basal unconformity overlain by light-coloured claystones and the KBS Tuff at the top 
(Brown and Feibel 1986, figure 9). The upper Burgi strata are mostly composed of thick 
layers of laminated siltstones with occasional claystones and fine sandstones. Fine-
grained sediments are often capped by bioclastic mollusc and ostracod units, including a 
particularly thick C2 unit (figure 9). Limonite clasts are common secondary minerals in 
the member (Brown and Feibel 1986). Thick laminated strata, limonites, as well as a 
notable lack of palaeosols (Feibel et al. 2009) indicate a subaqueous lacustrine 
environment. The uppermost part of the member consists of medium-grained sandstones 
below the KBS Tuff (Brown and Feibel 1986). In some sections these sandstones display 
steep depositional dips, which indicates the presence of a delta front at the lake margin 
(Feibel et al. 2009). 
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Figure 9. Composite section of the Burgi Member based on the type and reference sections from the Koobi 
Fora region (modified after Brown and Feibel 1986). 
The KBS Member (figure 10) represents a fluctuating lake margin sequence of the 
Lorenyang Lake phase (Lepre et al. 2007, Feibel et al. 2009). Lower and middle parts of 
the member are characterized by interbedded lacustrine and fluvial strata. There is a cyclic 
pattern of beach sediments succeeded by pelagic sediments, which are in turn succeeded 
by channel sandstones and mudstones (Lepre et al. 2007, Feibel et al. 2009). The beach 
sediments are characterized by moderately well-sorted sandstones with a significant 
bioclastic component (mollusc shells and cryptalgal stromatolites). These bioclastic units, 
such as the relatively thick C4 and C6 units (figure 10), are used to correlate within-
member strata from different areas (Brown and Feibel 1986). The pelagic sediments 
include thick layers of laminated siltstones with secondary minerals, such as limonite 
(Lepre et al. 2007). The channel sands are poorly sorted, which display steep planar and 
trough cross-bedding on an erosional base (Brown and Feibel 1986). The channel sands 
fine upwards and grade into massive siltstones, which display evidence of soil formation 
(Lepre et al. 2007). 
The uppermost KBS strata above the devitrified tuff unit (figure 10) represent exclusively 
fluvial facies, which indicates a major regression of the Lorenyang Lake, and a shift into 
a river-dominated depositional environment within the basin (Lepre et al. 2007, Feibel et 
al. 2009). Similar fluvial conditions persist during the Okote Member (figure 11), which 
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is constrained between the basal Okote Tuff and the overlying Chari Tuff units. The Okote 
Member is a relatively thin, about 20 m thick complex of erosional channel bases on a 
volcanic substrate, as indicated by basal basalt cobble conglomerates that are overlain by 
upwards-fining sandstones and tuffaceous mudstones with dolomite and analcime 
components (Brown and Feibel 1986, Feibel et al. 2009).  
 
Figure 10. Composite section of the KBS Member based on the type and reference sections from Koobi 
Fora (modified after Brown and Feibel 1986). C4 and C6 units refer to thick mollusc-bearing sandstones. 
 
Figure 11. Composite section of the Okote Member based on the type and reference sections from Koobi 
Fora (modified after Brown and Feibel 1986). 
2.2.2. Fossil mammals and palaeoenvironments of the upper Koobi Fora Formation 
The Plio-Pleistocene carnivoran fauna of the Turkana Basin is noticeably different from 
the Late Miocene fauna (table 3). The last amphicyonids went extinct by the end of the 
Miocene (Werdelin and Simpson 2009). Canids (dogs and their fossil relatives) make 
their appearance with a jackal-like form (Lupulella). Sabretooth cats (represented by 
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Homotherium, Megantereon and several species of Dinofelis) were joined by members 
of the modern cat subfamily (Felinae), including early forms of cheetah, lion and leopard 
(Werdelin and Lewis 2013b). The hyenas were represented by modern genera: several 
species of Crocuta (spotted hyena lineage) are recorded from Koobi Fora in addition to 
Hyaena makapani of the striped hyena lineage (table 3). The mustelids were mostly 
represented by otters, such as the extinct Enhydriodon and Torolutra, as well as the extant 
genus hydrictis (table 3). There are also some fragmentary mustelid fossils, which are 
thought to belong to fossil relatives of the modern Aonyx (clawless otters), Ictonyx 
(African polecats), Mellivora and the wolverine in the form of an extinct genus Plesiogulo 
(Werdelin and Lewis 2013b). The viverrids include Pseudocivetta ingens (table 3), which 
was likely an extinct member of the subfamily Paradoxurinae, which is limited to Asia 
today (Morales and Pickford 2011). Smaller viverrids were definitely present at Koobi 
Fora, although their fossil material is indeterminate beyond family level (Werdelin and 
Lewis 2013b).  
Table 3. A sample of Koobi Fora carnivorans (based on Werdelin and Lewis 2013b). 
Family Taxon Occurrence 
Canidae Lupulella sp. Upper Burgi-KBS 
Felidae Dinofelis aronoki  Upper Burgi-KBS 
Felidae Dinofelis petteri Tulu Bor 
Felidae Dinofelis piveteaui Okote 
Felidae Felinae indet. Upper Burgi 
Felidae Homotherium sp. Tulu Bor-Okote 
Felidae Megantereon whitei KBS-Okote 
Hyaenidae Crocuta dietrichi Tulu Bor-KBS 
Hyaenidae Crocuta eturono Tulu Bor 
Hyaenidae Crocuta ultra Upper Burgi-KBS 
Hyaenidae Hyaena cf. makapani Upper Burgi-KBS 
Mustelidae Enhydriodon cf. afman Tulu Bor-upper Burgi 
Mustelidae Hydrictis gudho Upper Burgi 
Mustelidae Torolutra cf. ougandensis Upper Burgi-KBS 
Viverridae Pseudocivetta ingens KBS-Okote 
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The Plio-Pleistocene ungulates and cercopithecid primates from the Koobi Fora 
Formation reflect increasingly open and dry environments over the last three million 
years. During this time, there has been a significant turnover of fossil mammals in the 
Turkana Basin (Behrensmeyer et al. 1997). During the time of the Tulu Bor Member, 
turnover (defined as origination + extinction/total species count) was mostly caused by 
high origination rates of open-adapted taxa (Behrensmeyer et al. 1997), such as antilopine 
and alcelaphine bovids of the genus Gazella, Antidorcas and Damaliscus. Fossil suids 
also indicate increasingly open environments compared to the Nawata Formation. Several 
species of suids, such as Notochoerus euilus, N. scotti, Metridiochoerus andrewsi and 
Kolpochoerus heseloni appeared during the Tulu Bor Member (Bishop 2010). According 
to stable isotope analyses of their tooth enamel (Harris and Cerling 2002), all of these 
new suid species seem to have had a C4-based diet unlike earlier suids. On the other hand, 
the persistence of many woodland taxa, such as tragelaphine bovids and colobine 
monkeys indicate that the proportion of woody vegetation remained significant during 
this time (Behrensmeyer et al. 1997), at least close to the river system. High abundance 
of aquatic mammals (Reed 1997) and reduncine bovids (Bobe et al. 2007) indicate that 
extensive wetlands were present in the area. 
An ecometric analysis of the fossil ungulate fauna in the Turkana Basin (Fortelius et al. 
2016) indicates that the Turkana Basin was drier than other regions in East Africa during 
the Tulu Bor Member. This implies that the Turkana Basin was an area that had 
significant evolutionary potential for open-adapted taxa ahead of the drying trend 
elsewhere in East Africa, as suggested by Fortelius et al. (2016). The regional difference 
in humidity evens out near the onset of the upper Burgi Member (Fortelius et al. 2016). 
From this time onwards, turnover was caused by increased extinction rates along with the 
continued origination of open-adapted taxa (Behrensmeyer et al. 1997, Bobe and 
Behrensmeyer 2004). The extinctions during the upper Burgi Member mostly involved 
woodland taxa, such as arboreal colobine monkeys Paracolobus mutiwa and 
Rhinocolobus turkanaensis (Behrensmeyer et al. 1997). At the same time, Theropithecus 
brumpti, an arboreal baboon, was replaced by Theropithecus oswaldi, a more terrestrial 
species (Behrensmeyer et al. 1997). Equus koobiforensis, an early African representative 
of the modern horse tribe, which is associated with open environments, appeared during 
the upper Burgi alongside the most open-adapted hipparionine horse Eurygnathohippus 
cornelianus (Bernor et al. 2010). Among bovids, the relative proportion and species 
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richness of open-adapted taxa increased compared to the Tulu Bor Member (Bobe and 
Behrensmeyer 2004, Bobe et al 2007). Several large alcelaphines, including early 
wildebeest, hartebeest and their extinct relative Megalotragus isaaci, appear alongside 
large bovines of the genus Pelorovis. The simultaneous extinction of woodland taxa and 
increased abundance and species richness of open-adapted taxa indicate that grasslands 
started to become dominant components of the vegetation during the upper Burgi 
Member. However, persistent abundance of aquatic mammals and reduncines indicate 
that much of these grasslands remained as wetlands (Reed 1997). Basin-wide 
comparisons suggest that Koobi Fora was consistently more humid than the areas in the 
western Turkana Basin due to being situated on the shallower, weakly faulted side of a 
major half-graben, which concentrated more catchment sites and water-saturated 
environments to the eastern Turkana Basin (Bobe et al. 2007, Fortelius et al. 2016). 
The time of the KBS Member was apparently the driest episode within the time slice of 
this thesis. The proportions of alcelaphine, antilopine and hippotragine bovids were 
highest during this interval (Bobe et al. 2007). Among suids, Metridiochoerus andrewsi 
went extinct together with Notochoerus scotti despite both of these suids attempting to 
adapt to more open environments, e.g., by developing increasingly high-crowned molars 
over time (Bishop 2010). Only the most open-adapted species of Metridiochoerus: M. 
modestus, M. hopwoodi and M. compactus remained after the KBS interval. Stable 
oxygen isotopes of these suids indicate that they were less reliant on water sources, i.e. 
they received a greater proportion of water from their food compared to the other fossil 
suids (Harris and Cerling 2002). A low abundance of aquatic mammals and a high 
abundance of grazing mammals indicate that much of the wetland areas were replaced by 
dry scrublands (Reed 1997), which coincided with the major regression of the Lorenyang 
Lake during the KBS interval (Lepre et al. 2007, Feibel et al. 2009). Increased abundance 
of aquatic mammals and reduncine bovids within Okote strata indicate a temporary return 
to slightly more humid conditions after the KBS interval (Reed 1997). 
The palaeoenvironmental reconstructions based on faunal evidence are supported by 
stable isotope analyses of pedogenic carbonates in the Koobi Fora region. Increased 
carbon-13 and oxygen-18 proportions from the Tulu Bor onwards indicate a reduced tree 
cover and expanded C4 grasslands and shrub lands after a relatively humid period earlier 
in the Pliocene (e.g. Wynn 2004, Levin et al. 2011). Basin-wide comparisons confirm 
that Koobi Fora was indeed more humid compared to the western Turkana Basin 
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throughout the Plio-Pleistocene (Levin et al. 2011). A more punctuated period of 
grassland expansion occurred during the upper Burgi–Okote interval (Wynn 2004, Quinn 
et al 2007, Levin et al. 2011), which coincided with the increased extinction rates of 
woodland mammals (Behrensmeyer et al. 1997). Palaeoprecipitation estimates based on 
oxygen isotopes indicate that mean annual rainfall dropped from about 510 mm/year to 
less than 400 mm/year during the Tulu Bor–Okote interval (Wynn 2004). The isotopic 
evidence is congruent with the faunal evidence that the KBS Member was the driest 
interval during the Early Pleistocene (Wynn 2004, Quinn et al. 2007, Levin et al. 2011). 
In general, the vegetation structure changes from an open woodland to a 
woodland/scrubland mosaic after the Tulu Bor Member, followed by a temporary change 
to a more open, low tree-shrub grassland during the KBS Member (Wynn 2004, Quinn et 
al. 2007). The isotopic composition of pedogenic carbonates in the Turkana Basin during 
the Tulu Bor–Okote interval remains within the range of modern woodland to low tree-
shrub savannas, which suggests that pure grassland savannas (less than 10 % woody 
vegetation) are a relatively recent phenomenon in East Africa (Wynn 2004, Quinn et al. 
2007).  
  
3. MATERIALS&METHODS 
 
3.1. Materials 
Most of the data used in this thesis are based on craniodental measurements and pictures 
of fossil mammals published in various publications. The measurements of individual 
taxa were based on arithmetic means from as many specimens as possible. Lothagam 
carnivoran measurements were taken from Werdelin (2003), and also from Werdelin and 
Simpson (2009). Lothagam bovid data mostly came from Harris (2003), but also from 
Bibi and Kiessling (2015). 
Koobi Fora carnivoran measurements were mostly taken from Werdelin and Lewis 
(2013b).  Additional measurements for Koobi Fora carnivorans were taken from Werdelin 
and Dehghani (2011). Body mass estimates of Koobi Fora bovids were taken from the 
appendix file of Bibi and Kiessling (2015). Most of the carnivoran jaw depth 
measurements were measured from pictures with ImageJ, a freeware program. 
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3.2. Methods 
3.2.1. Carnivoran dental analysis 
Carnivore teeth were assessed according to several morphological ratios and other 
characteristics. Ratios of the lower teeth included relative blade length (RBL) of the 
carnassial and shape of the last premolars anterior to the carnassial (p3 W/L and p4 W/L). 
Talonid shape (TS) of the lower carnassial was also included.  Ratios of the upper teeth 
included relative size of the protocone of the upper carnassial (P4P) and shape of the third 
upper premolar (P3 W/L). Bivariate analyses of selected dental measurements were also 
performed with JMP Pro 11 for further assessment. 
Relative blade length is defined by the length of the trigonid blade over the entire length 
of the lower carnassial (Van Valkenburgh 1988). Talonid shape is defined by the number 
of cusps and the overall shape of the talonid (modified after Van Valkenburgh 1991, 
Holliday and Steppan 2004). A talonid with a single prominent cusp is called trenchant, 
whereas a talonid with two distinct cusps, but unequal in size, is called bicuspid. A longer 
talonid with atleast two, roughly equally developed cusps, is called basined. Relative size 
of the protocone (Friscia et al. 2007) is a ratio of the anterior width of the upper carnassial 
compared to the entire length of the tooth. 
Premolar shape is modified after Van Valkenburgh (1988,1991), Wesley-Hunt (2005) 
and Friscia et al. (2007). Van Valkenburgh and Friscia et al. only estimated the shape of 
the largest lower premolar. Wesley-Hunt (2005) defined premolar shape as the ratio of 
length divided by width of P3 and p4, whereas I decided to use width divided by length 
similar to Van Valkenburgh (1988,1991) and Friscia et al. (2007), and I also used this 
ratio for the third lower premolar (p3) as well. The ratios and other characteristics used 
in this thesis are shown in figures 12 and 13. 
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Figure 12. Upper and lower tooth row of the African wild dog (Lycaon pictus) in A) buccal view; B) occlusal 
view, showing all the teeth examined in this thesis. Uppercase letters refer to upper jaw teeth and lowercase 
letters refer to lower jaw teeth. C) illustrates relative blade length (RBL) and D) illustrates relative size of the 
protocone (P4P). Modified after Ungar (2010). 
 
Figure 13. Examples of talonid shape on the lower carnassial (modified after Holliday and Steppan 2004). 
A) a basined talonid; B) a bicuspid talonid; C) a trenchant talonid. Arrows point to the major cusps of the 
talonid. Each type is shown in lingual (top) and in occlusal view (bottom). 
These ratios and characteristics were used to estimate the dietary specializations of 
carnivorans with sufficient fossil material. RBL is the primary parameter for classifying 
dietary specializations because it is easy to measure and it has been found to be an 
accurate indicator for dietary specialization (e.g. Van Valkenburgh 1988, Wesley-Hunt 
2005, Friscia et al. 2007). Higher RBL values indicate a relatively longer trigonid blade 
and an increased emphasis on shearing function in the dentition. TS was used along with 
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RBL to provide another dietary indicator. P4P is a less defined ratio compared to RBL, 
but it was used to evaluate specimens, which are only identified by upper tooth material. 
In general, it is expected that the upper carnassial is relatively narrow in more carnivorous 
species (Wesley-Hunt 2005, Friscia et al. 2007). The dietary specializations were 
assigned to three main categories. The categories are hypercarnivore, hypocarnivore and 
mesocarnivore (Van Valkenburgh 2007). 
Hypercarnivorous diet is composed of over 70% meat and other vertebrate tissues. 
Hypercarnivores have RBL values of at least 70% (Holliday and Steppan 2004). The 
talonid is relatively short or completely reduced in some taxa. The shape of the talonid is 
usually trenchant or bicuspid (Van Valkenburgh 1991). Cats are typical hypercarnivores. 
Cats and cat-like hypercarnivores are characterized by narrow and completely blade-like 
carnassials, extremely reduced or completely absent post-carnassial molars and relatively 
slender premolars (Van Valkenburgh 2007). Because both living and fossil cats display 
very little variation in their postcanine dental morphology, they are excluded from the 
ratios in this thesis. Dental measurements for fossil cats were still used in bivariate 
analyses for comparison with the other carnivoran families.  
A special type of a hypercarnivore is called bone cracker (Werdelin 1989), which refers 
to hyena-like bone-cracking behaviour that utilizes the premolar teeth anterior to the 
carnassials (especially upper and lower third premolars). Bone crackers are additionally 
characterized by robust premolars (width around 60% or more compared to length) in 
addition to RBL≥70%. Premolar shape is not an accurate ratio by itself because 
hypocarnivores also tend to have relatively robust premolars compared to normal 
hypercarnivores (Van Valkenburgh 1991). Relative size of the premolars also needs to be 
taken into consideration because of the functional demands associated with bone-
cracking. Minimum RBL and premolar width values for bone crackers are defined in 
Holliday and Steppan (2004). 
Hypocarnivores, on the other hand, typically eat mostly non-vertebrate food items 
(proportion less than 50%). RBL for taxa described as hypocarnivores tends to be around 
50% or less (Van Valkenburgh 2007). The talonid is relatively long and basined, and the 
upper carnassial has a relatively large protocone. Post-carnassial molars are also relatively 
large compared to hypercarnivores and mesocarnivores (Van Valkenburgh 1988,1991, 
Wesley-Hunt 2005). 
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Mesocarnivores (meat proportion 50-70%) have more varied diets as non-vertebrate food 
types (invertebrates, plant material) form an important part of the diet in addition to meat. 
Mesocarnivores are generalists that are intermediate between hypercarnivores and 
hypocarnivores, with taxa trending towards either hyper- or hypocarnivory. 
Mesocarnivores have RBL values between 50 and 70%. The talonid is well developed 
compared to hypercarnivores. The talonid is usually bicuspid or basined, but taxa trending 
towards hypercarnivory can also have a trenchant talonid (Van Valkenburgh 1991). 
3.2.2. Body mass 
Body mass was estimated with regression equations based on craniodental variables 
published in Van Valkenburgh (1990) for carnivorans and Janis (1990) for bovids. Most 
of the equations were based on lower molar lengths, but on few cases skull length was 
used instead. When it was possible, body mass was estimated with the best available 
variable that had the smallest predictive error and standard error of the estimate 
percentages (%PE and %SEE, respectively). 
Body mass estimates for most carnivore taxa were based on lower carnassial length. In 
order to increase accuracy, some families of Carnivora, like Canidae, Felidae, Mustelidae 
and Ursidae have their own specific equations, and they were used on fossil members of 
the corresponding family, or on taxa that were morphologically similar to the reference 
group. For example, the hyaenid Ictitherium ebu was estimated with the canid equation 
due to its canid-like morphology. Other carnivorans: amphicyonids, hyaenids apart from 
Ictitherium, viverrids and exceptionally large mustelids (Ekorus, Enhydriodon) were 
estimated with an equation based on all extant carnivorans because they lack a suitable 
reference group.  
Body mass for Lothagam bovids was estimated with regression equations based on lower 
first, second, or third molar length, as well as second upper molar length (Janis 1990). 
These equations were chosen due to compatibility because the body masses of Plio-
Pleistocene bovids reported in Bibi and Kiessling (2015) were also estimated with an 
equation published in Janis (1990). 
3.2.3. Carnivore mandible depth and prey size 
Prey size of carnivorans was estimated with a regression equation that is based on 
mandible depth as the independent variable. Mandible depth is a suitable proxy for prey 
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size because unlike body mass, it is directly measurable on fossils. Carnivores that hunt 
large prey are expected to have relatively robust mandibles in order to resist high 
dorsoventral bending stress during large prey capture (Van Valkenburgh et al. 2003, 
Therrien 2005, Van Valkenburgh 2007). Mandible depth was measured behind the lower 
carnassial (figure 14). The equation is published in Van Valkenburgh et al. (2003). 
 
Figure 14. Measurement of jaw depth shown with the mandible of Canis familiaris (modified after Van 
Valkenburgh 1988). 
 
4. RESULTS 
 
4.1. Results of the dental ratios and bivariate analyses of selected teeth 
Results of the dental ratios are presented in tables 3 and 4 for Lothagam and Koobi Fora 
carnivorans, respectively. According to the results, both Lothagam and Koobi Fora 
carnivorans were mostly represented by hypercarnivorous taxa (in addition to felids). 
However, there are some differences in dental morphology between the two localities. 
4.1.1. Relative blade length 
Lothagam hypercarnivores included hyaenids and the two mustelids Ekorus ekakeran and 
Erokomellivora lothagamensis, of which the former was more specialized towards 
hypercarnivory as indicated by its higher RBL value (table 4). Both mustelids display the 
trenchant morphology on their talonids, which further emphasizes the shearing function 
on the lower carnassial. Lothagam mesocarnivores included the amphicyonid Bonisicyon 
illacabo and atleast two viverrids (Genetta and Viverrinae sp.). Relatively high RBL 
values for the mesocarnivores indicate that they were trending towards hypercarnivory. 
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Bonisicyon also has a trenchant talonid, which correspondingly suggests a relatively 
hypercarnivorous specialization.  There are no identifiable hypocarnivores in the 
Lothagam sample. 
Table 4. Compilation of the dental ratios for analysed Lothagam carnivorans. RBL = relative blade length; 
P4P = relative size of the protocone of P4; TS = talonid shape. The last three columns to the right represent 
width/length ratios of upper (P3) and lower (p3 and p4) premolars. 
Family Taxon RBL 
(%) 
TS P4P 
(%) 
P3 
W/L 
(%) 
p3 
W/L 
(%) 
p4 
W/L 
(%) 
Amphicyonidae Bonisicyon 
illacabo 
63 Trenchant - - - - 
Hyaenidae Hyaenictis sp. 77.6 Bicuspid - - - 47.3 
Hyaenidae Hyaenictitherium 
parvum 
- Bicuspid - - 53.9 49.7 
Hyaenidae Ictitherium ebu 77.3 Bicuspid 55.5 55.9 46.3 - 
Hyaenidae Ikelohyaena 
abronia 
77 Bicuspid - - - 46.4 
Mustelidae Ekorus ekakeran 77 Trenchant 57.9 68.6 66.3 48.3 
Mustelidae Erokomellivora 
lothagamensis 
70 Trenchant - - - - 
Mustelidae Vishnuonyx 
angololensis 
- - 84.3 - - - 
Viverridae Genetta sp. A 66.2 Bicuspid - - - - 
Viverridae Viverra cf. 
leakeyi 
- - 64 - - - 
Viverridae Viverrinae sp. 65.4 Basined - - - - 
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Koobi Fora carnivorans (table 5) display a broader range of RBL values compared to 
Lothagam. The hyaenids, especially Crocuta species, have relatively longer trigonid 
blades and more reduced talonids than the hyaenids from Lothagam. Thus, the hyaenids 
approached a cat-like condition with their specialization towards extreme hypercarnivory. 
Hypercarnivorous mustelids are not identifiable from the Koobi Fora sample. 
Mesocarnivores show more variation compared to the Lothagam sample. The canid 
Lupulella and the mustelid Torolutra have relatively long trigonid blades, therefore they 
represent the higher end of the mesocarnivore range. The mustelids Enhydriodon afman 
and Hydrictis gudho have relatively shorter trigonid blades and basined talonids, which 
indicate that these two taxa were trending towards hypocarnivory. 
The viverrid Pseudocivetta ingens represents the lower end of the RBL values. A short 
trigonid and a long, basined talonid suggest the greatest degree of specialization towards 
hypocarnivory for this taxon. Pseudocivetta ingens is the only identifiable hypocarnivore 
in this study according to the RBL and TS scores. 
Table 5. Compilation of dental ratios for analysed Koobi Fora carnivorans. RBL = relative blade length; P4P 
= relative size of the protocone of P4; TS = talonid shape. The last three columns to the right represent 
width/length ratios of upper (P3) and lower (p3 and p4) premolars. 
Family Taxon RBL TS P4P 
(%) 
P3 
W/L 
(%) 
p3 
W/L 
(%) 
p4 
W/L 
(%) 
Canidae Lupulella sp. 66.9 Bicuspid 43 36.9 - 43.7 
Hyaenidae Crocuta 
dietrichi 
89.5 Bicuspid - 68.3 63.4 61.3 
Hyaenidae Crocuta 
eturono 
84.9 Bicuspid - - - - 
Hyaenidae Crocuta ultra 86.5 Bicuspid 52.6 71 69.2 59.1 
Hyaenidae Hyaena cf. 
makapani 
79.5 Bicuspid 58.4 68.7 60.3 55.3 
Mustelidae Enhydriodon 
afman 
56.4 Basined - - - - 
Mustelidae Hydrictis 
gudho 
57.1 Basined - - - - 
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Mustelidae Torolutra cf. 
ougandensis 
66.7 Trenchant 72.5 - - - 
Viverridae Pseudocivetta 
ingens 
51.6 Basined - - - - 
 
4.1.2. Relative size of the protocone 
Relative size of the protocone was measured to estimate the dietary specializations of two 
Lothagam carnivorans: Vishnuonyx angololensis and Viverra cf. leakeyi, which are only 
known by their upper carnassials from Lothagam. According to table 4, Vishnuonyx has 
a considerably larger protocone relative to the length of the tooth compared to Viverra 
(%P4P is 84.3 and 64, respectively). This indicates a greater emphasis on crushing 
function for the upper carnassial of Vishnuonyx. For further comparison, these two taxa 
were plotted in a bivariate diagram of upper carnassial measurements together with some 
other carnivorans, which are already assigned to dietary categories based on their RBL 
values (figure 15). According to figure 15, Vishnuonyx angololensis is plotted close to 
the mesocarnivore Torolutra cf. ougandensis, whereas Viverra cf. leakeyi is plotted more 
closely with the hypercarnivores Ekorus and Ictitherium. This would suggest that Viverra 
was at least trending towards hypercarnivory, whereas Vishnuonyx was not. However, 
there is considerable variation in relative protocone size both within and between dietary 
specializations. 
Taxa that are identified as extreme hypercarnivores (Crocuta and felids) are surprisingly 
scattered in the diagram, even though most of them tend to be at the right side of the 
diagram. Crocuta has a considerably larger protocone in both absolute and relative size 
than any of the felids. Hyaena cf. makapani has the relatively largest protocone among 
the hypercarnivores, but it is plotted more closely to some of the extreme hypercarnivores 
at the right side of the diagram compared to Megantereon whitei, which was more 
extremely adapted to hypercarnivory than Hyaena makapani was. 
The differences in relative protocone size are even greater among the mesocarnivores. 
Torolutra and Lupulella have an almost identical RBL value (table 5), but the relative 
size of the protocone is considerably different in these two taxa (table 5, figure 15). 
Relative size of the protocone is the second largest in Torolutra after Vishnuonyx. 
Lupulella, on the other hand, overlaps with the felids in relative protocone size. All of the 
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hyaenids in this sample have a relatively larger protocone compared to Lupulella, even 
though they were more specialized to hypercarnivory than Lupulella was. Because the 
relative size of the protocone does not provide a sufficient dietary signal, Vishnuonyx 
angololensis and Viverra cf. leakeyi cannot be assigned to dietary categories at this point 
(see discussion). 
 
Figure 15. Bivariate diagram of Log-transformed upper carnassial measurements from various carnivorans. 
The y-axis represents the anterior width of P4 whereas the x-axis represents the maximum length of P4. 
Black symbols represent Lothagam carnivorans, whereas blue symbols represent Koobi Fora carnivorans. 
The diamonds represent felids, the triangles represent mustelids, the circles represent hyaenids, the cross 
represents canids and the square represents viverrids.  
4.1.3. Premolar shape and size 
Comparison with premolar ratios presented in tables 4 and 5 indicates differences in the 
degree of bone-cracking adaptations in the hyaenids between Lothagam and Koobi 
Fora. Lothagam hyaenids (table 4) seem to have relatively slender premolars, although 
they are not known by their complete sets of premolars. Ictitherium ebu has the best 
fossil material in this regard as it includes both upper and lower third premolars. The 
upper third premolar of Ictitherium is somewhat roundish in shape (width over length is 
close to the 60% threshold of bone-cracking specialization), but the lower third 
premolar is a very slender tooth. Hyaenictitherium parvum is only known by lower third 
and fourth premolars. According to table 4, the lower third premolar of 
Hyaenictitherium is more robust compared to Ictitherium, but still relatively slender. 
The lower fourth premolar of Hyaenictitherium is a similarly slender tooth. Hyaenictis   
sp. and Ikelohyaena abronia are only known by their lower fourth premolars. Both of 
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these taxa have very narrow premolars (width less than 50% compared to length, see 
table 4), which are considerably slender teeth compared to the corresponding teeth of 
any of the Koobi Fora hyaenids (table 5). Therefore, the ratios for Lothagam hyaenids 
seem to indicate a lack of bone-cracking taxa, even though the studied taxa are not 
perfectly comparable because they are not recorded with complete sets of premolars. 
Most of the Koobi Fora hyaenids, on the other hand, display the bone-cracking 
morphology with their premolars, although variably. Notably the two Crocuta species 
have in general more robust premolars compared to Hyaena makapani. Especially the 
lower premolars of Hyaena makapani are relatively slender compared to either Crocuta 
species, the lower third premolar of Hyaena is barely above the 60% threshold. This 
suggests a less-advanced bone-cracking ability for Hyaena compared to Crocuta.  
Besides hyaenids, the mustelid Ekorus ekakeran from Lothagam displays surprisingly 
round upper and lower third premolars (table 4). This might indicate, that Ekorus was a 
bone-cracking mustelid. However, a comparison with the premolar measurements of 
Lothagam and Koobi Fora carnivorans (figures 16,17 and 18) reveal, that Ekorus has 
smaller premolars compared to any of the hyaenids, making bone-cracking specialization 
unlikely for the mustelid. 
Figure 16 and figure 17 for upper and lower third premolars, respectively, show that 
Koobi Fora hyaenids have above average premolar widths, whereas Ictitherium and 
Ekorus have below average premolar widths together with the felids. Even though figure 
has the smallest sample size, Hyaenictitherium also displays above average lower third 
premolars, and it is plotted rather close to Hyaena makapani in the diagram. 
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Figure 16. Bivariate diagram of Log-transformed upper third premolar measurements for selected 
carnivorans. Black symbols represent Lothagam carnivorans, whereas blue symbols represent Koobi Fora 
carnivorans. The diamonds represent felids, the circles represent hyaenids and the triangle represents 
mustelids. The flat line depicts the mean value of the sample. 
 
Figure 17. Bivariate diagram of Log-transformed lower third premolar measurements for selected 
carnivorans. Black symbols represent Lothagam carnivorans, whereas blue symbols represent Koobi Fora 
carnivorans. The diamonds represent felids, the circles represent hyaenids and the triangle represents 
mustelids. The flat line depicts the mean value of the sample. 
Figure 18 for the lower fourth premolar has a slightly different pattern. Once again Ekorus 
has smaller premolars compared to the hyaenids. The size difference of the lower fourth 
premolars is no longer as distinct between the hyaenids and the felids. For this reason, a 
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regression line was drawn to visualize the differences between taxa. According to figure 
18, all the bone-cracking hyaenids are above the regression line, whereas Lothagam 
hyaenids are at, or below the regression line closer to the felids, which have relatively 
slender premolars. Hyaenictitherium is again more similar to Hyaena than the other 
hyaenids from Lothagam. 
Bivariate diagrams for the premolar measurements support premolar shape ratios that 
derived bone-cracking hyenas were absent from Lothagam. Premolar size and shape 
results for Hyaenictitherium parvum indicate that this species had the best potential for 
bone-cracking behaviour, although not to the degree of the more advanced Koobi Fora 
hyenas. Bivariate diagrams also excluded Ekorus ekakeran from a bone-cracking 
specialization, thus eliminated a potential bias from the results (see discussion). 
 
 
Figure 18. Bivariate diagram of Log-transformed lower fourth premolar measurements for selected 
carnivorans. Black symbols represent Lothagam carnivorans, whereas blue symbols represent Koobi Fora 
carnivorans. The diamonds represent felids, the circles represent hyaenids and the triangle represents 
mustelids. 
 
4.2. Body mass and typical prey size 
Body mass and typical prey size estimates for Lothagam and Koobi Fora carnivorans are 
presented in table 6. Although the carnivorans analysed here do not represent the entire 
carnivoran fauna of their time, some temporal changes are apparent on at least some of 
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the larger, over 21 kg taxa. According to table 6, both body size and typical prey size 
increased between the time of Lothagam and Koobi Fora. 
Table 6. Body mass and prey size estimates for Lothagam (first three columns on the left) and Koobi Fora 
carnivorans. 
Taxon Body mass 
(kg) 
Prey size 
(kg) 
Taxon Body mass 
(kg) 
Prey size 
(kg) 
Bonisicyon 
illacabo 
33 29 Crocuta 
dietrichi 
84 426 
Ekorus 
ekakeran 
45 151 Crocuta 
eturono 
197 657 
Erokomellivora 
lothagamensis 
7 5 Crocuta ultra 98 432 
Hyaenictis sp. 72 142 Dinofelis 
aronoki 
199 129 
Ictitherium ebu 19 17 Dinofelis 
petteri 
136 - 
Ikelohyaena 
abronia 
49 - Dinofelis 
piveteaui 
136 89 
Lokotunjailurus 
emageritus 
176 102 Enhydriodon 
afman 
90 186 
Viverrinae sp. 12 2 Felinae indet. 15 1 
   Homotherium 
sp. 
387 1453 
   Hyaena cf. 
makapani 
36 198 
   Hydrictis 
gudho 
13 - 
   Lupulella sp. 11 4 
   Megantereon 
whitei 
52 42 
   Torolutra 
ougandensis 
20 5 
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   Pseudocivetta 
ingens 
34 - 
 
4.2.1. Body mass 
While both localities had both small- and large-bodied animals, at least Felidae, 
Hyaenidae and Mustelidae increased in maximum body size during the time of the Koobi 
Fora Formation. The occurrence of many large hypercarnivores in Koobi Fora, such as 
Homotherium, Dinofelis aronoki and Crocuta eturono, coincides with an increase in 
mean body size in bovids (figure 19). While the carnivoran body mass pattern in figure 
19 is affected by sampling to some extent, the mean body mass increases in both the 
carnivorans and their potential prey animals. This indicates that larger prey became more 
abundant, and accessible in Koobi Fora. 
 
Figure 19. Mean body mass comparison of bovids and over 21 kg carnivorans from Koobi Fora and 
Lothagam. 
4.2.2. Typical prey size 
In general, the prey size estimates seem to be congruent with the body mass estimates in 
separating taxa into small-prey and large-prey specialists. However, the accuracy of the 
prey size estimate drops when it is applied to the large, over 21 kg taxa. There is too 
much variation in mandible depth between different taxa regardless of differences in 
body mass (figure 20). 
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Overall, large felids, apart from Homotherium, tend to have shallower jaws than hyaenids 
and mustelids (figure 20). This results in underestimated prey size estimates for large 
felids. For example, Lokotunjailurus, the largest hypercarnivore in the Lothagam fauna 
is estimated to have hunted smaller prey than Ekorus and Hyaenictis (table 6). Koobi Fora 
hyaenids and Homotherium, on the other hand, have extremely deep mandibles, which 
leads to inflated prey size estimates compared to other taxa. Thus, jaw depth is not 
sufficiently accurate for estimating prey size preferences among large fossil carnivorans. 
 
 
Figure 20. Jaw depth against body mass diagram of over 21 kg carnivorans. Black symbols depict Lothagam 
carnivorans, whereas blue symbols depict Koobi Fora carnivorans. The diamonds represent felids, the 
triangles represent mustelids, the circles represent hyaenids and the asterisk represents amphicyonids. 
 
5. DISCUSSION 
 
5.1. Potential sources of error 
5.1.1. Relative blade length 
Relative blade length is generally a reliable ratio for estimating dietary preferences among 
carnivorans. It is comparable to lower and upper molar grinding areas in contribution to 
overall variation between carnivores and omnivores (Friscia et al. 2007). Whereas 
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grinding areas are measured on several teeth, relative blade length is based on a single 
tooth, which allows more fossil specimens to be estimated because of the fragmentary 
nature of the fossil record. However, there are some limitations involved with relative 
blade length that must be taken into consideration. 
The first limitation is a consequence of the strict definition of relative blade length. Van 
Valkenburgh (1988) originally defined relative blade length as the ratio of the trigonid to 
the entire length of the lower carnassial. Although it evidently works with most 
carnivorans, it assumes that the shearing crests of the lower carnassial are always present 
and limited to the trigonid part of the carnassial. Problems arise when relative blade length 
is measured from taxa that clearly deviate from this assumption. Relative blade length 
can underestimate the carnivorous specialization in taxa that have extended the shearing 
crest to the talonid part of the carnassial. The reverse situation of overestimating the 
carnivorous specialization happens when the shearing crests on the trigonid are either 
poorly developed or completely absent with some taxa. 
The second limitation is related to ecomorphological studies in general (Reed 2013). 
According to Reed (2013), morphology of fossil taxa is more likely to reflect long-term 
adaptations to a specific function rather than more short-term transitions. Relative blade 
length can therefore only assume the dietary preference of an extinct species based on its 
morphology, but the actual diet of the animal is unknown. There are some modern 
carnivorans, whose known diets do not correspond with the dietary preferences inferred 
from their dental morphologies.  
The polar bear (Ursus maritimus) is an extreme hypercarnivore, but its dental morphology 
is surprisingly similar to the brown bear (Ursus arctos), a hypocarnivore (Sacco and Van 
Valkenburgh 2004, Evans et al. 2007). This similarity in dental morphology is thought to 
be due to the recent divergence of these two species, which likely happened during the 
Middle Pleistocene (Kurtén 1964), so there probably would not have been enough time 
for the development of a typical hypercarnivorous morphology in the polar bear (Evans 
et al. 2007). Be that as it may, the case of the polar bear shows that well-developed 
shearing crests are not necessary to cope with a vertebrate-dominated diet (figure 21), 
although blade-like carnassials are expected with hypercarnivores. 
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Figure 21. Lower carnassials of the polar bear (Ursus maritimus) and the brown bear (Ursus arctos). Modified 
after Sacco and Van Valkenburgh (2004). The teeth are surprisingly similar between the two species despite 
great differences in diet. 
The African palm civet (Nandinia binotata), on the other hand, has relatively well-
developed shearing crests on the lower carnassial (figure 22), even though over 80% of 
its diet is composed of fruit (Hunter 2011 p. 94). Well-developed blades on the lower 
carnassial, and a trenchant talonid would indicate Nandinia to be at least a mesocarnivore, 
but it is a hypocarnivore. The cause of this mismatch could be related to the mechanical 
properties of fruit. Although the mechanical properties of different fruits are not identical, 
they tend to have very thin cell walls compared to other plant parts, therefore they tend 
to be fragile and easy to break down (Lucas 2004 p. 121, 227). Such easily ingested food 
types would not require specific dental morphologies to fracture them without 
compromising the function of the teeth (e.g. blunting the shearing crests of carnassials). 
Because meat is still an important secondary food source for Nandinia (Hunter 2011 p. 
94), it would be beneficial to preserve sharp teeth due to the high toughness of vertebrate 
tissues compared to fruit. However, it is still expected that primarily frugivorous (fruit-
eating) taxa have flat teeth with loose-fitted cusps (reduced crests) because cusps affect a 
larger area of the food item than crests, therefore mastication becomes more efficient 
(Popowics 2003, Lucas 2004 p. 227). Broad basins between opposing cusps can also 
enclose slippery fruits so that they become easier to fracture (Lucas 2004 p. 127). 
Nevertheless, the proportion of fruit in the diet can be difficult to predict for fossil 
carnivorans because the consumption of fruit is not necessarily reflected in their dental 
morphologies. 
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Figure 22. Lower carnassial of the African palm civet (Nandinia binotata) in buccal view (left) and in occlusal 
view (right). Modified after Ungar (2010). The tooth is surprisingly sharp and narrow for a mostly frugivorous 
animal. 
5.1.2. Relative size of the protocone 
Because the results for relative protocone size are unexpectedly incongruent with relative 
blade length, interpretations based on this trait are tentative at best. Protocone size is 
influenced by phylogeny (evolutionary history) to such extent that comparisons between 
different families are trivial. If relative size of the protocone worked comparably to 
relative blade length, then protocone size would have to affect the shearing function of 
the upper carnassial. However, this is not the case. Having a relatively large protocone 
does not necessarily compromise the shearing function of the upper carnassial, as can be 
seen with hyenas, for example. Perhaps instead of protocone size, a more relevant ratio 
would be the length of the shearing blade of the upper carnassial relative to the entire 
length of the tooth. 
Relatively large protocone can, however, provide a crushing function to the upper 
carnassial along with the shearing function, which could indicate more varied diets in 
carnivorans. However, a large protocone does not guarantee that it occludes with anything 
(Popowics 2003). Nevertheless, a reduced protocone emphasizes the shearing component 
of the upper carnassial, which indirectly suggests a meat-dominated diet for the animal. 
5.1.3. Premolar shape 
While premolar shape is an important ratio for bone-cracking animals (Werdelin 1989, 
Werdelin and Solounias 1991), it clearly is not accurate enough by itself in distinguishing 
such behaviour. Such a simple ratio is apparently susceptible to occasional differences in 
premolar width in small carnivorans and large hypercarnivores with relatively reduced 
premolars.  Tooth size cannot be ignored due to the high functional demands of cracking 
large bones. Indeed, according to Werdelin (1989), bone-cracking animals tend to have a 
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larger tooth and body size than their non-bone-cracking relatives. A combination with 
premolar shape and premolar size should give a reasonable estimate for bone-cracking 
ability in extinct taxa. 
5.1.4. Body mass 
There are many potential sources of error involved with body mass estimates, such as 
errors in measurements and choice of a skeletal element for predicting body mass. 
Generally, the ideal situation is to use an equation with the smallest %SEE and %PE 
values because they narrow the range of the likely estimates. This is not possible with 
every taxon because it might lack a suitable reference group, therefore it is limited to the 
use of predictive equations based on all extant carnivorans, which have higher %SEE and 
%PE values than equations based on a single family. However, even low error 
percentages of an equation do not always guarantee a reliable body mass estimate.  
The most relevant sources of error in this thesis are most likely related to the limitations 
of the regression equations for certain taxa. Regression equations assume that the scaling 
relationship of a certain skeletal element to body mass does not change over time (Martin 
1990). Sometimes this assumption turns out to be false, and body mass estimates based 
on this skeletal element can bias the results for fossil taxa (e.g. Damuth and McFadden 
1990, Fortelius and Kappelman 1993, Millien and Bovy 2010). For example, 
Homotherium has an extremely elongated lower carnassial relative to its size compared 
to other large felids (Werdelin et al. 2010). Body mass estimate of Koobi Fora 
Homotherium based on lower carnassial length of 35.8 mm with the felid equation ± 28 
% (PE) results in an estimate range between 279–495 kg (midpoint 387 kg). Less 
fragmentary fossil material of Homotherium in Europe indicates that atleast the European 
species of Homotherium was similar in size to modern lions, not considerably larger than 
a lion, an interpretation solely based on lower carnassial length (Antón et al. 2005). 
Although the Koobi Fora specimens examined in this thesis are thought to represent a 
larger species of Homotherium (Werdelin and Lewis 2013b), the body mass estimate 
based on lower carnassial length is still likely an overestimate for this genus. 
5.1.5 Typical prey size 
Based on the results of this thesis, mandible depth, at least by itself, is not an accurate 
predictor for typical prey size among large fossil carnivorans. The results based on jaw 
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depth in this thesis agree with earlier studies that mandible shape is largely dictated by 
phylogeny, i.e. closely related taxa tend to have similar mandible shapes (Raia 2004, 
Meloro 2011, Figueirido et al. 2011). Because the regression equation for typical prey 
size is only based on extant canids (Van Valkenburgh et al. 2003), such differences 
between mandible depth in different carnivoran families will inevitably lead to 
extrapolation beyond the original values of the reference group. Therefore, the results 
can be considered biased. However, this does not mean that mandible depth is a useless 
characteristic in palaeoecological studies. 
Although mandible depth is greatly influenced by phylogeny, it does not necessarily 
reject a functional purpose for it, which would be resistance against dorsoventral bending 
stress during jaw-closing (e.g. Raia 2004, Therrien 2005, Van Valkenburgh 2007) 
because closely related taxa often have similar functional adaptations (Raia 2004, 
Figueirido et al. 2011). This is also supported by the fact that some taxa are more 
convergent in their mandible shape with distantly related, but ecologically similar taxa 
rather than their closest relatives (Figueirido et al. 2011). When it comes to mandible 
depth, comparisons between large extant hypercarnivores indicate that instead of being 
directly correlated with prey size, mandible depth has more to do with hunting strategy. 
Hypercarnivorous canids that regularly hunt large prey tend to have relatively deep 
mandibles in addition to relatively wide snouts and robust anterior teeth (incisors and 
canines) compared to other canids (Van Valkenburgh 2007). Cats do not display a 
comparable trend with mandible depth (Meachen-Samuels and Van Valkenburgh 2009). 
According to Meachen-Samuels and Van Valkenburgh (2009), cats that regularly hunt 
large prey are only distinguished from other cats by having a relatively wider snout and 
more robust anterior teeth, although the relevance of mandible depth was not rejected by 
the authors. The possible cause of this different trend in mandible depth between these 
two groups is thought to be related to different methods of prey capture. Unlike cats, 
canids have more inflexible forelimbs and lack retractable claws, thus they are forced to 
rely more on their jaws while struggling with large prey (Van Valkenburgh 2007 and 
references therein). This hypothesis is supported by an anatomical study of Homotherium 
(Antón et al. 2005). According to Antón et al. (2005), Homotherium had relatively slender 
and inflexible forelimbs compared to a lion in addition to reduced claw retractability. This 
may explain why Homotherium has an unusually deep mandible compared to other cats 
(figure 20), i.e. it had to rely more on its jaws to immobilize large prey. 
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However, it must be noted that all of the above characteristics are also shared by the extant 
bone-cracking hyenas (Van Valkenburgh 2007). Although hyenas also lack retractable 
claws, only the spotted hyena is an active hunter of large prey, whereas the other large 
hyenas tend to be scavengers (Van Valkenburgh 2007), which indicate that there is a 
duality involved with the features interpreted as adaptations to killing large prey, i.e. deep 
mandibles (Raia 2004) and wide snouts (Werdelin 1989, Werdelin and Solounias 1991) 
are also adaptations to regular consumption of rigid foods. Regardless of which functional 
purpose is more relevant in influencing mandible depth, they should not invalidate one 
another, although distinguishing active hunting from scavenging can be complicated with 
fossil taxa. In other words, a deep mandible can be simultaneously beneficial in 
immobilizing large prey and in rigid food consumption. 
 
5.2. Interpretation of the feeding ecology of individual Lothagam taxa 
5.2.1. Lothagam hyenas 
A microwear study on South African Late Miocene hyenas, including Hyaenictitherium, 
Hyaenictis and Ikelohyaena (Stynder et al. 2012), indicates that they did not eat bone as 
frequently as the extant bone-cracking hyenas. The microwear results agree with the 
results of this thesis that the hyenas from Lothagam were less capable of cracking bones 
than the hyenas from Koobi Fora. The lack of advanced bone-cracking features in all of 
the hyenas from Lothagam suggest that all of them were more predaceous compared to 
the extant bone-cracking hyenas. In that case, niche partitioning between species must 
have involved differences in either prey size preference or habitat preference, or both. 
Nevertheless, the palaeoenvironment in Lothagam was shared by at least four hyena 
species, therefore some degree of ecological overlap was likely inevitable. 
Ictitherium ebu (figure 23) was the most aberrant of the Late Miocene hyenas. It has very 
long limb bones, which are comparable in length to the extant large hyenas, but they are 
very slender (Werdelin 2003). Relatively long and slender limb bones (figure 23) suggest 
that it was a very cursorial animal, thus it probably spent most of its time foraging in the 
open portions of the Lothagam landscape (Werdelin 2003). Although Ictitherium was a 
relatively tall animal with a shoulder height of about 60 cm (Werdelin 2003), it was not 
particularly massive. A body mass estimate of 19 kg (table 6) based on skull length is 
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reasonable considering this animal has a very slender build despite its relatively long 
limbs. Small body mass in addition to slender teeth and jaws (Werdelin 2003) suggest 
that Ictitherium was not a large-prey specialist, instead it was probably limited to prey 
animals smaller than itself. 
 
Figure 23. Restored skeleton of Ictitherium ebu by Mauricio Antón (modified after Werdelin 2003). The 
arrows indicate cursorial features on the limb bones. 
The other hyenas from Lothagam have very fragmentary fossil material.  Hyaenictis and 
Ikelohyaena were definitely much larger than Ictitherium. Of these two hyenas, 
Hyaenictis was a larger animal, at least based on tooth size, albeit the body mass estimates 
for Hyaenictis and Ikelohyaena (72 and 49 kg, respectively) are probably slight 
overestimates. Hyaenictitherium does not have a body mass estimate, but it was also 
larger than Ictitherium, and comparable in size to Ikelohyaena (Werdelin 2003). As the 
largest hyena in Lothagam, Hyaenictis is the best candidate for a large-prey specialist 
among the Lothagam hyenas, although the ability to kill relatively large prey cannot be 
ruled out with any of the larger hyenas. While postcranial evidence for these hyenas is 
lacking, at least Hyaenictis and Hyaenictitherium are generally described as cursorial 
animals (Werdelin and Solounias 1991), thus they are expected, but not guaranteed, to 
have been fast open country predators. 
The microwear results are somewhat different between these taxa, which might indicate 
behavioural differences. According to Stynder et al. (2012), Hyaenictis included very 
little, if any bone in its diet, whereas Hyaenictitherium and Ikelohyaena both consumed 
bone enough for it to be noticeable in the microwear results. Since Hyaenictis was 
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apparently the least tolerant of bone consumption, it implies that it was the most active 
predator among Lothagam hyenas. It is possible that the specimen from Lothagam does 
not represent the same species as the one in South Africa, which the microwear result is 
based on, therefore the microwear result might not be entirely comparable to the 
Lothagam material. However, Hyaenictis is a member of a lineage, which is characterized 
by an evolutionary trend of developing the slicing component of the dentition at the 
expense of the bone-cracking teeth (Werdelin and Solounias 1991).  
5.2.2. Bonisicyon illacabo 
The last amphicyonid in Africa (Werdelin and Simpson 2009) has an unusual dental 
morphology. The lower carnassial has a relatively short trigonid (figure 24), which would 
usually indicate a mesocarnivorous dietary specialization. On the other hand, a short 
trigonid is followed by a trenchant talonid (figure 24). According to figure 24, a single 
tall cusp of the talonid is connected to the trigonid through a well-developed shearing 
crest, thus the shearing blade extends to the talonid part of the lower carnassial. The tooth 
is also quite narrow, which means that there are no proper crushing basins on the occlusal 
surface, therefore the entire tooth is committed to the shearing function of the carnassial. 
The degree of shearing function in the lower carnassial is underestimated by its RBL 
score, which assumes that the shearing blade is limited to the trigonid. Therefore, 
Bonisicyon can be reasonably classified as a hypercarnivore instead of a mesocarnivore. 
There are some uncertainties regarding the size of this animal. Bonisicyon has an almost 
identical lower carnassial length with Ictitherium ebu (appendix 1), but they have 
different body mass estimates (33 kg and 19 kg, respectively) because Ictitherium’s mass 
estimate is based on skull length instead of tooth size. Although tooth size is not the most 
accurate predictor of body size, Werdelin and Simpson (2009) note that in tooth size, 
Bonisicyon was comparable to a coyote (Canis latrans), which usually weighs between 
7–18 kg (Hunter 2011 p. 102). Also, Bonisicyon has a relatively slender mandible 
(Werdelin 2003) compared to other amphicyonid genera described in Werdelin and 
Peigné (2010), which indicates that Bonisicyon was not a particularly large animal, 
probably closer to 20 kg than 30 kg. Although this cannot be verified without more 
complete skeletal evidence, the regression equation based on all extant carnivorans 
probably overestimates Bonisicyon’s body mass. 
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The apparent size similarity with Ictitherium and the extant coyote implies that instead of 
a large-prey specialist, Bonisicyon was more likely an opportunistic predator of mainly 
small- to medium-sized vertebrates. Similar hypercarnivorous specialization also implies 
that Bonisicyon shared a similar niche with Ictitherium, thus they could have competed 
for food. However, that is only speculation until there is more information about 
Bonisicyon’s habitat preference. 
 
Figure 24. Lower carnassial of Bonisicyon illacabo in A) buccal view; B) occlusal view (modified after 
Werdelin and Simpson 2009). Continuous shearing crests are highlighted on the occlusal surface.  
5.2.3. Ekorus ekakeran 
Ekorus was a very large mustelid unlike any living species. With a body mass estimate 
of 45 kg, it was over twice the size of wolverine (Gulo gulo), the largest terrestrial 
mustelid today (Hunter 2011 p. 166). Although this estimate is based on the all 
carnivorans equation, which has a wide confidence interval, an almost complete skeleton 
of Ekorus (figure 25) corresponds to a large animal with a shoulder height of 
approximately 60 cm (Werdelin 2003). 
 Ekorus has an interesting mix of cursorial and non-cursorial features in its postcranial 
skeleton (figure 25). For a mustelid, Ekorus has relatively long limb bones. The ratio of 
radius length to humerus length, as well as tibia length to femur length is higher in Ekorus 
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compared to other mustelids (Werdelin 2003). The elbow is slightly bent backwards 
(figure 25), which indicates a relatively upright posture for this animal. The radius has 
relatively indistinct insertion sites for muscles involved with the manipulation of the wrist 
and the phalanges (Werdelin 2003), which indicates that Ekorus had a more terrestrial 
lifestyle compared to other mustelids. The above features suggest that Ekorus was a 
cursorial animal for a mustelid, and it would have therefore preferred more open 
environments. On the other hand, the limb bones of Ekorus are relatively robust for a 
cursorial animal, with well-developed muscle insertion sites on the humerus and the ulna 
involved with forearm extension (Werdelin 2003). The phalanges of this animal are also 
long compared to the metapodials. This feature, along with the robust limb bones indicate 
that Ekorus was incapable of chasing prey animals over a long distance due to a high 
moment of inertia of movement. The combination of these cursorial and non-cursorial 
features gives an image of a relatively fast predator, which would have still required some 
vegetational cover to close up on prey animals. Ekorus probably had a broad habitat 
preference due to a smaller degree of cursoriality compared to some other carnivores of 
the Nawata Formation, such as Ictitherium and Lokotunjailurus (Werdelin 2003). 
Therefore, it is plausible to assume that Ekorus often occurred close to a woodland-
grassland boundary. 
A combination of a large body size, long limbs and hypercarnivorous dentition suggests 
that Ekorus was an active predator of medium- to large-sized ungulates. Potential prey 
animals likely included mostly antelopes, such as fossil impalas, which were the most 
abundant antelopes during the Nawata Formation (Harris 2003), and they are also 
associated with the edges of woodlands and grasslands today (Bobe 2006, 2011). Other 
potential prey animals probably included small hipparionine horses and juvenile 
individuals of large suids of the genus Nyanzachoerus and Kubanochoerus (Leakey and 
Harris 2003). 
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Figure 25. Restored skeleton of Ekorus Ekakeran by Mauricio Antón (modified after Werdelin 2003). Blue 
arrows indicate cursorial features on the limb bones, whereas black arrows indicate features that are not 
typical with cursorial animals. 
5.2.4. Vishnuonyx angololensis 
Vishnuonyx possibly had a dual function in the upper carnassial (figure 26). A broad shelf 
between the protocone and the main part of the tooth (Werdelin 2003) and the presence 
of a hypocone behind the protocone indicate a crushing function. On the other hand, the 
shearing blade is present as well, thus the presence of a large protocone does not exclude 
the shearing potential of this tooth. However, the shearing blade is quite short, it only 
covers about 50 % or less of the entire tooth length (Werdelin 2003, figure 26), which is 
less than in the more hypercarnivorous taxa, such as Ekorus (Werdelin 2003). This could 
indicate that Vishnuonyx was a mesocarnivore, although this is uncertain. A relatively 
short shearing blade and a possible crushing function suggest that Vishnuonyx had a more 
diverse diet than just vertebrates. 
What this actual diet was is hard to tell without clues about the habitat preference of this 
animal. The length of the upper carnassial is only about 15 mm (Werdelin 2003, appendix 
1), which indicates that Vishnuonyx was not a large carnivore (less than 21 kg), therefore 
it likely fed on small prey.  It could be assumed that like modern otters, Vishnuonyx was 
aquatic to some extent, although this is not a taxon-free approach. Abundant fish fossils 
(Stewart 2003) and crab fossils (Martin and Trautwein 2003) from the Nawata Formation 
show that the shallow and oxygen-rich river system sustained a diverse river fauna. A diet 
based on these aquatic vertebrates and invertebrates is compatible with the morphology 
55 
 
of the upper carnassial. Also, the diverse carnivore guild of the Nawata Formation implies 
that habitat and niche partitioning between taxa was more than likely. Thus, an inferred 
diet of small fish supplemented by hard-shelled aquatic invertebrates, such as freshwater 
crabs would not be too far-fetched for this animal. 
 
Figure 26. Upper carnassial of Vishnuonyx angololensis in A) buccal view; B) lingual view. Modified after 
Werdelin (2003). 
5.2.5. Viverra cf. leakeyi 
Compared to the upper carnassial of Vishnuonyx above, Viverra cf. leakeyi has a relatively 
narrow upper carnassial (figure 27). According to figure 27, there does not seem to be a 
broad shelf on the lingual side of the tooth. This suggests that there is no crushing function 
in the tooth. Although there seems to be an emphasis on the shearing function, the relative 
length of the shearing blade is not significantly longer in Viverra compared to 
Vishnuonyx. 
Comparative fossil material from Langebaanweg, a South African Late Miocene site, 
shows that Viverra leakeyi had a well-developed trigonid blade on the lower carnassial, 
but the talonid was also quite long (figure 28). The talonid does not seem to be trenchant 
either, therefore Viverra leakeyi was most likely a mesocarnivore. Based on the fossil 
material, Viverra leakeyi was on average larger than the extant African civet (Civettictis 
civetta), its close relative (Werdelin and Peigné 2010). This suggests that it included more 
vertebrate prey in its diet compared to Civettictis, which includes a substantial number of 
insects in its diet (Hunter 2011 p. 86).  However, Viverra has relatively slender canines 
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and a shallow mandible (figure 28), which suggest that it was not a powerful predator 
capable of killing large prey. A shallow mandible also indicates that Viverra did not 
regularly consume any rigid food types. Thus, V. leakeyi was probably a generalist 
predator of small- to medium-sized prey that supplemented its diet with easily ingestible 
food types, such as fruit and large insects.  
It is not entirely certain that the specimen from Lothagam represents the same species as 
the one from Langebaanweg (hence the cf. in front of the species name). According to 
Werdelin (2003), the upper carnassial is otherwise similar to Langebaanweg material, but 
it is somewhat larger. The size difference between the two sites could simply be due to 
sexual dimorphism or regional variation in size. Nevertheless, the material from 
Langebaanweg should give reasonable insights about the Lothagam specimen whether it 
corresponds to the same species or just a closely related one.  
 
 
Figure 27. Upper carnassial of Viverra cf. leakeyi in A) buccal view; B) lingual view (modified after 
Werdelin 2003).  
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Figure 28. Left hemimandible of Viverra leakeyi from Langebaanweg in lingual view (modified after 
Werdelin and Peigné 2010). 
 
5.3. Interpretation of the feeding ecology of individual Koobi Fora taxa 
5.3.1. Koobi Fora hyenas 
Distinct bone-cracking adaptations in Koobi Fora hyenas in this thesis imply that bone 
was an important nutrient source to all of them.  Relatively long carnassial blades also 
suggest that efficient carcass utilization was already well established among the 
predecessors of the extant East African hyenas. Extremely hypercarnivorous dentition of 
these animals, especially in Crocuta, leave little doubt about their diets. The question 
remains, whether these animals were mostly systematic scavengers or active predators 
that killed most of their food by themselves. 
Hyaena makapani was the smallest of the hyenas in Koobi Fora. It was on average smaller 
than the extant striped hyena, Hyaena hyaena (Werdelin and Lewis 2013b). With a body 
mass estimate of 36 kg, it can be considered a large carnivore. However, the body mass 
estimate is probably an overestimate because in tooth size, Hyaena makapani is only 
slightly larger than Ictitherium ebu (appendix 1), which was not a large animal. Therefore, 
the body mass of Hyaena makapani was more likely 20–30 kg on average. As the smallest 
hyena, it was not a hunter of very large prey. H. makapani was also smaller than the extant 
striped hyena, which indicates that it was less powerful, thus not as efficient at cracking 
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bones as the extant species. It was nevertheless quite powerfully built with strong jaws 
(Werdelin and Lewis 2013b). It would have been capable of killing relatively large prey, 
especially as a pack hunter. Compared to the extant striped hyena, H. makapani may have 
been a more opportunistic predator of small- to medium-sized prey rather than just a 
systematic scavenger of large ungulate carcasses. 
The extant spotted hyena (Crocuta crocuta) is a formidable predator of very large prey 
(Hunter 2011 p. 52). For this reason, it is tempting to assume that similar, but 
morphologically distinct species of Crocuta were also active predators of very large prey. 
However, unlike today, the environment during the Plio-Pleistocene was shared by more 
than one Crocuta species at the same time. This fact heavily implies that all of the extinct 
species were not behaviourally similar to the extant species, as noted by Werdelin and 
Lewis (2008, 2013b). There must have been some differences in ecology and behaviour 
between these species to allow their coexistence. During the Tulu Bor Member, the 
environment was shared by C. eturono and C. dietrichi. Of these two species, the former 
was considerably larger. C. eturono was on average larger than the extant spotted hyena, 
and similar in size to the extinct Eurasian cave hyena (Werdelin and Lewis 2008, 2013b). 
This species is described with an extremely elongated lower carnassial (Werdelin and 
Lewis 2008, 2013b), which definitely overestimates the body mass of this animal (197 
kg). Nevertheless, an average body mass close to 100 kg is not far-fetched for this animal. 
C. dietrichi was on average slightly smaller than the extant spotted hyena (e.g. Werdelin 
and Lewis 2013b). Although C. dietrichi was large and powerfully built, its coexistence 
with C. eturono suggests that it had a more opportunistic hunting/scavenging niche, 
whereas the other species was an active predator of large prey similar to the extant 
species. 
This hypothesis is somewhat supported by postcranial evidence. A comparison of 
metacarpals assigned to different species of Crocuta (figure 29) shows that C. eturono 
has a noticeably longer and robust metacarpal. This suggest that C. eturono was not only 
larger than C. dietrichi, but also more cursorial. This implies that C. eturono was a 
cursorial predator capable of chasing prey animals over long distances in the open 
grassland habitats of Koobi Fora, whereas the less cursorial C. dietrichi had a more 
flexible habitat preference. 
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C. eturono disappears from the fossil record by the onset of the upper Burgi Member. It 
was replaced by C. ultra, a likely descendant of C. dietrichi (Werdelin and Lewis 2013b). 
C. ultra was otherwise similar to C. dietrichi, but it was slightly larger. Even though C. 
ultra was apparently not more cursorial compared to C. dietrichi based on their similar 
metacarpal lengths (figure 29), it was more powerfully built. It is possible that C. ultra 
took over the ‘hunting-hyena’ niche, which was left vacant after the extinction of C. 
eturono. 
 
 
Figure 29. Comparison of second metacarpals assigned to all identified Crocuta species from Koobi Fora 
(modified after Werdelin and Lewis 2013b). A) Crocuta eturono; B) Crocuta dietrichi; C) Crocuta ultra. 
5.3.2. Enhydriodon cf. afman 
Enhydriodon was unlike any living otter. It was a much larger relative of Vishnuonyx. 
With a body mass estimate of 90 kg, it was one of the largest mustelids of all time. In 
addition to large size, Enhydriodon has an unusual lower carnassial morphology (figure 
30). Although the tooth in figure 30 is heavily worn, it shows that the trigonid is composed 
of thick cusps instead of a blade. The talonid has a well-developed basin and it is almost 
similar in height to the trigonid. The talonid is relatively short, however. Due to this 
feature, the relative blade length ratio of this tooth assigns Enhydriodon as a 
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mesocarnivore. However, the lack of a distinct trigonid blade shows that the lower 
carnassial emphasizes a crushing function over slicing, which is typical of 
hypocarnivores. 
 
Figure 30.  Hypocarnivorous features of the lower carnassial of Enhydriodon afman in A) buccal view; B) 
occlusal view (modified after Werdelin and Lewis 2013b).  
Although morphologically this animal is best characterized as a hypocarnivore, it is 
difficult to interpret the actual diet of this animal because it does not really have any 
modern counterparts. Like modern otters, Enhydriodon and other extinct otters of the tribe 
Enhydriodontini probably had a semiaquatic to fully aquatic lifestyle. In that case, it can 
be assumed that Enhydriodon mostly fed on aquatic animals. Some authors, e.g. Morales 
and Pickford (2005) have interpreted enhydriodontines and other extinct otters with 
bunodont teeth to have had a diet based on molluscs and crustaceans instead of fish. While 
there is no doubt that there was a significant hard-food component in the diet of this 
animal, a diet based on shellfish does not seem plausible due to the very large size of this 
animal. 
A survey of extant otter species (Hunter 2011 p. 150–158) reveals that most, if not all 
species have a diverse diet that includes both fish and shellfish. This kind of diet probably 
applied to extinct species as well. Of course, the proportions of these two food items can 
vary between species. Enhydriodon shared its habitat with smaller otters, such as 
Hydrictis gudho and Torolutra cf. ougandensis. There must have been some kind of niche 
partitioning between Enhydriodon and the other otters. Due to its large size, it is likely 
that Enhydriodon preferred large fish, whereas the smaller otters focused on small fish. 
Because this Enhydriodon species was already present during the Tulu Bor Member, 
when there was no major lake in the Turkana Basin, it was likely a semiaquatic animal, 
thus it was not completely constrained to its primary aquatic environment. The extensive 
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wetlands in Koobi Fora could have provided additional foraging opportunities for this 
animal close to the river or lake environment. In addition to fish and shellfish, other 
potential prey animals may have included turtles, small crocodiles, and perhaps even 
other mammals of varying sizes. Large size and robust teeth would have enabled 
Enhydriodon to utilize a broad range of resources that were inaccessible to the smaller 
otters. 
5.3.3. Pseudocivetta ingens 
Pseudocivetta ingens is a poorly known extinct viverrid. It has been mainly described 
from isolated cheek teeth (e.g. Werdelin and Peigné 2010, Morales and Pickford 2011). 
These teeth are described as extremely bunodont, i.e. relatively low teeth with robust 
cusps. The lower carnassial of Pseudocivetta from Koobi Fora (figure 31) also has a 
bunodont morphology. The trigonid does not form a blade, instead it has bulbous and 
loose-fitted cusps. The talonid is long and equal in height to the trigonid. The talonid 
basin actually extends to the trigonid due to reduced crests on the trigonid (Werdelin and 
Lewis 2013b, figure 31). The entire occlusal surface of this tooth is exclusively committed 
to crushing, which indicates that Pseudocivetta was a hypocarnivore in addition to its low 
relative blade length ratio. 
 
Figure 31. Hypocarnivorous features of the lower carnassial of Pseudocivetta ingens in A) lingual view; B) 
occlusal view (modified after Werdelin and Lewis 2013b). 
Extremely bunodont teeth of this animal suggest that it did not eat much meat. Werdelin 
and Lewis (2013b) suggested that Pseudocivetta was a more plant-dominated omnivore 
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compared to the extant Civettictis, which would not be surprising if Pseudocivetta really 
was a paradoxurine viverrid (Morales and Pickford 2011), which tend to be mainly 
frugivorous animals today (Hunter 2011, p. 76–80). Such as in modern herbivorous 
carnivorans, the diet of Pseudocivetta was likely restricted to more nutritious and/or 
easily digestible plant parts, such as fruits, seeds and flowers. 
The postcranial material that is assigned to Pseudocivetta (Werdelin and Lewis 2013b) 
does not provide much information about the habitat preference of this animal. It does 
have a relatively long and robust caudal vertebra, which indicates that it had a very long 
tail (Werdelin and Lewis 2013b). This implies that it was a capable climber despite being 
on average larger than any extant viverrid based on its body mass estimate (34 kg, table 
6). Inferred tree-climbing behaviour would be in support of its likely herbivorous diet, as 
it would have provided more foraging opportunities for this animal, especially in the more 
forested parts of the eastern Turkana Basin. However, Pseudocivetta was still likely a 
terrestrial animal since it occurred during the upper Burgi and KBS members, a time 
interval characterized by increasingly open environments, which coincided with the 
extinction of some arboreal primates (e.g. Behrensmeyer et al. 1997). Therefore, 
Pseudocivetta must have been more tolerant of increasingly open environments. Since it 
was a carnivoran, it was unlikely to be an exclusive herbivore, therefore it must have 
included some meat in its diet. Retained carnivory is useful for a plant-dominated 
omnivore because it enables greater dietary flexibility, especially during times when its 
main food source, e.g. fruit, is scarce.  
 
5.4. Ecological changes in the carnivore guild of the Turkana Basin over time 
During the Late Miocene, the carnivoran fauna of the Turkana Basin was very different 
in taxonomic composition. The structure of the carnivore guild, however, was somewhat 
similar to modern day East Africa. It was similar in a sense that the carnivore guild was 
dominated by medium-sized to large hypercarnivores. Mesocarnivores were mostly 
represented by modern viverrid genera, which seem to have changed very little in their 
dietary specializations since the Late Miocene. Large hypocarnivores were either rare or 
absent completely. The major differences of the Late Miocene carnivore guild compared 
to the modern East African carnivore guild include the absence of bone-cracking hyenas, 
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as well as the presence of a mustelids (Ekorus ekakeran) and viverrids (Viverra cf. 
leakeyi), which were considerably larger than their modern relatives. 
The absence of bone-cracking hyenas at Lothagam is interesting because bone-cracking 
hyenas are known from other Late Miocene sites. Adcrocuta eximia, one of the earliest 
hyenas with advanced bone-cracking adaptations (e.g. Werdelin and Solounias 1991), 
was a common member of the Late Miocene carnivoran faunas in Eurasia and North 
Africa (Werdelin 2003, Werdelin and Lewis 2013b). This could mean that the absence of 
bone-cracking hyenas at Lothagam is artificial due to a taphonomic bias. While this 
explanation cannot be ruled out entirely, it is unlikely because Adcrocuta is not found 
from anywhere in sub-Saharan Africa despite an extensive hyaenid fossil record 
(Werdelin 2003, Werdelin and Lewis 2013b). There already were four sympatric hyenas 
in Lothagam, thus the presence of Adcrocuta in Lothagam in addition to those species is 
unlikely. A more likely explanation for the absence of bone-cracking hyenas, as suggested 
by Werdelin and Lewis (2013b), is competitive seclusion by some other animal, which 
occupied the scavenging niche in sub-Saharan Africa. What this animal was is not known 
at the moment (Werdelin and Lewis 2013b). One possible animal, which dominated the 
scavenging niche, could have been a large amphicyonid species, which is recorded from 
the Lower Nawata Member (Werdelin 2003). Amphicyonidae has a rich and continuous 
fossil record in East Africa throughout the Miocene (Werdelin and Peigné 2010). East 
Africa seems to have been a refugium for this extinct carnivoran family because they 
persist there until the Miocene-Pliocene boundary after they became extinct elsewhere 
(Werdelin 2003, Werdelin and Simpson 2009). Competition with large amphicyonids is 
a plausible scenario for the absence of bone-cracking hyenas because they appear in East 
Africa only after the extinction of amphicyonids. While the timing of this faunal change 
can just be coincidental, it is worth mentioning that several amphicyonid lineages evolved 
independently into large durophagous forms during the Cenozoic, at least in Europe 
(Peigné and Heizmann 2003) and North America (Hunt Jr 2011). However, this is only 
speculation because the fossil material for the large amphicyonid is too fragmentary to 
provide any useful information other than evidence of its presence in Lothagam.  
During the Plio-Pleistocene, the carnivore guild remained dominated by 
hypercarnivorous taxa. The major difference in the hypercarnivore component compared 
to the Late Miocene was the presence of bone-cracking hyenas, as well as the appearance 
of modern conical-toothed cats that replaced the non-sabretooth hypercarnivores, such as 
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Bonisicyon and Ekorus. The latter change was mainly taxonomical, as it probably did not 
alter the niche space within the carnivore guild significantly. However, it did concentrate 
it further into the extreme end of the hypercarnivore portion of the niche space together 
with the bone-cracking hyenas, which is also a characteristic of the modern East African 
carnivore guild (Werdelin and Lewis 2013a). 
As in the Late Miocene carnivore guild, the Plio-Pleistocene guild of the Turkana Basin 
included large mustelids and viverrids without modern counterparts. However, unlike in 
the Late Miocene guild, these animals were hypocarnivores in Koobi Fora, therefore they 
broadened the niche space within the carnivore guild, although this was only temporary 
because large hypocarnivores are absent from East Africa today (Werdelin 2013, 
Werdelin and Lewis 2013a). Among the viverrids, Pseudocivetta ingens was clearly a 
more specialized animal compared to the more generalized Viverra leakeyi. Among the 
mustelids, Enhydriodon was not necessarily more specialized than Ekorus was, but it had 
a more unique niche because Ekorus was just another large terrestrial hypercarnivore, 
whereas large semiaquatic mammalian predators disappeared from East Africa after the 
extinction of the enhydriodontines. 
Overall increase in body size within many carnivoran families was a major change 
compared to the Late Miocene fauna because an increase in body size is often coupled 
with ecological specialization (e.g. Van Valkenburgh et al. 2004, Raia et al. 2012). The 
increase in carnivore body size coincided to some extent with an increase in prey size. 
The body size composition of potential prey animals over time was only investigated with 
fossil bovids. It is uncertain that the increase in diversity of large-bodied species since the 
Late Miocene was paralleled in other ungulates, such as pigs and horses, but it is expected 
due to the appearance of large open-adapted taxa during the Plio-Pleistocene (Bishop 
2010, Bernor et al. 2010). Still, the changes in the bovid fauna alone must have been 
significant to the carnivorans, especially to the sabretooth cats. While the hyenas also 
benefitted from large size as active predators of large prey, their size increase was at least 
partially associated with their derived bone-cracking adaptations (Werdelin 1989, 
Werdelin and Solounias 1991). 
The changes in ungulate body size distribution probably had little to do with the evolution 
of Enhydriodon and Pseudocivetta. Nevertheless, there is a clear trend of larger size and 
increasingly bunodont teeth over time in the respective lineages, to which these animals 
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belong (Morales and Pickford 2005, 2011). The evolution of large size coupled with an 
extreme dental morphology suggest that these animals were very specialized in their 
respective niches. This evolutionary trend also applies to the sabretooth cats to some 
extent. The trend is distinct in Dinofelis especially. While the Dinofelis from Lothagam 
(Werdelin 2003) does not have a body mass estimate, the current fossil evidence 
corresponds to a leopard-sized animal (Werdelin and Lewis 2001), whereas the later 
species of Dinofelis were jaguar-sized or larger. In Koobi Fora, at the onset of the upper 
Burgi Member, a lion-sized Dinofelis aronoki replaced a jaguar-sized D. petteri from the 
Tulu Bor Member. Although D. piveteaui from the Okote Member, the youngest species 
of Dinofelis, was again jaguar-sized, it had the most developed sabretooth features, e.g. 
mediolaterally flattened upper canines and elongated carnassials relative to the premolars 
(Werdelin and Lewis 2001, 2013b). The other African sabretooths do not have a distinct 
lineage-specific trend, but when individual taxa are compared, Lokotunjailurus from 
Lothagam was replaced by Homotherium during the Pliocene, which was a much larger 
animal.  
It seems that many of the extinct carnivoran lineages of the Turkana Basin adhere to 
Cope’s Law of the Unspecialized, which refers to a weak directionality in the evolution 
of large-bodied specialist taxa from relatively small and unspecialized ancestors (Raia 
and Fortelius 2013). Increased specialization over time in many of the extinct carnivoran 
lineages likely facilitated their extinction, and the eventual drop in the functional richness 
of the East African carnivore guild (Werdelin and Lewis 2013a). In general, large-bodied 
specialist taxa tend to have shorter species durations than their generalized relatives (e.g. 
Van Valkenburgh et al. 2004, Raia et al. 2012), and body size itself is positively correlated 
with extinction risk (e.g. Cardillo et al. 2005). Increased specialization over time 
apparently comes with a trade-off between ecological flexibility and dominance (Raia 
and Fortelius 2013). This means that ecological specialists are dominant and successful 
in their respective niches as long as the conditions remain stable and favourable. 
Pseudocivetta ingens, a plant-dominated omnivore, was the dominant viverrid during the 
Early Pleistocene, whereas the ancestors of the modern Civettictis, a smaller and more 
generalized omnivore, were apparently rare until the extinction of Pseudocivetta 
(Werdelin and Lewis 2013b). Sabretooth cats were the dominant large-prey specialists 
for millions of years since the Late Miocene (Turner et al. 2011). It is thought that 
sabretooth features, such as relatively long and mediolaterally flattened upper canines, 
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are adaptations for efficient killing of large prey (e.g. Salesa et al. 2005, Turner et al. 
2011). The combination of large size and the most derived sabretooth features in the 
youngest species likely imposed limitations on the ecology and behaviour of these 
animals. For example, the extremely hypercarnivorous and slender dentition did not 
enable the sabretooths to completely utilize carcasses. At the same time, the evolution of 
large size increased daily energy expenditure rates (Carbone et al. 2007), thus the 
sabretooths became increasingly dependent on the availability of large prey.  
While the bone-cracking hyenas are also large hypercarnivores, therefore consequently 
dependent on the presence of large herbivores, the ability to completely utilize carcasses 
definitely gave them an advantage over the sabretooths during times, when food was 
scarce. In general, the observations in this thesis are compatible with earlier studies, 
which suggest that the remaining members of the East African carnivore guild are mainly 
composed of resource/habitat generalists after the extinction of sabretooth cats and giant 
otters and civets (e.g. Werdelin and Lewis 2005, 2013b, Lewis and Werdelin 2007). 
 
6. CONCLUSIONS 
Temporal changes in the ecological structure of the carnivore guild in East Africa were 
assessed by making inferences on the feeding ecology of extinct carnivorans from 
Lothagam and Koobi Fora localities in the Turkana Basin, northern Kenya. Lothagam 
covers the last two million years of the Miocene epoch (7.4-5.3 Ma ago), whereas Koobi 
Fora covers the Plio-Pleistocene interval from approximately 3.44-1.38 Ma ago. The 
results indicate that, like the modern East African carnivore guild, the Lothagam guild 
was mostly composed of hypercarnivores, albeit they were represented by different taxa. 
Mesocarnivores were mostly represented by modern viverrid genera (Genetta and 
Viverra). Hypocarnivores were either rare or absent from Lothagam. The major 
differences of the Lothagam guild compared to the modern guild were the absence of 
bone-cracking hyenas, and the presence of mustelids (Ekorus ekakeran) and viverrids 
(Viverra leakeyi) that were considerably larger than any of the extant species. 
The Koobi Fora guild was also mostly composed of hypercarnivores. Compared to the 
Lothagam guild, the Koobi Fora guild included bone-cracking hyenas and modern 
conical-toothed cats, which replaced most of the non-sabretooth hypercarnivores from 
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Lothagam. This lead to a concentration of taxa in the extreme end of the hypercarnivore 
portion of the niche space. Large mustelids (Enhydriodon afman) and viverrids 
(Pseudocivetta ingens) were still present in the Koobi Fora fauna, but they were 
hypocarnivores instead of hypercarnivores or mesocarnivores, unlike in the Lothagam 
guild, which increased ecological diversity within the carnivore guild until their 
extinction in the Early Pleistocene. 
In addition to changes in the dietary specializations of individual taxa, there was a general 
increase in body size in the Koobi Fora fauna compared to the Lothagam fauna. The 
increase in size coincided to some extent with an increase in prey size, which was 
examined with fossil bovids. A trend towards larger size and more extreme dietary 
adaptations in many of the Koobi Fora carnivorans, such as sabretooth cats and giant 
mustelids and viverrids indicate that some of the extinct members of the East African 
carnivore guild became increasingly specialized during the Plio-Pleistocene, which likely 
made them more vulnerable to extinction during changing environmental conditions. 
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APPENDIX 1: regression equations and measurements for carnivorans 
Body mass equations for Carnivora (Van Valkenburgh 1990): log (y) = a log (x) + b 
 y = body mass in kg; x = independent variable (in mm) 
1. Body mass equation for all carnivorans based on lower carnassial (m1) length: log (y) = 2.97 
log (x) – 2.27 %PE = 97; %SEE = 138 
2. Body mass equation for Canidae based on skull length: log (y) = 2,86 log (x) – 5.21, %PE = 
21; %SEE = 31 
3. Body mass equation for Canidae based on m1 length: log (y) = 1.82 log (x) – 1.22, %PE = 27; 
%SEE = 44 
4. Body mass equation for Felidae based on m1 length: log (y) = 3.05 log (x) – 2.15, %PE = 28; 
%SEE = 41 
5. Body mass equation for Mustelidae based on m1 length: log (y) = 3.48 log (x) – 3.04, %PE = 
45; %SEE = 66 
Typical prey size (Van Valkenburgh et al. 2003): log (y) = 5.583 log (x) – 6.482, y = prey size in 
kg; x = jaw depth in mm 
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List of taxa and measurements: m1L = lower carnassial length, m1TL = trigonid length, P4L = upper 
carnassial length, aP4W = anterior width of P4, P3L= upper third premolar length, P3W = upper third 
premolar width, p3L= lower third premolar length, p3W= lower third premolar width, p4L = lower fourth 
premolar length, p4W = lower fourth premolar width, JD = jaw depth, SKL = skull length. Values for the 
measurements are in mm. 
Taxon m1L m1TL P4L aP4W P3L P3W p3L p3W p4L p4W JD SKL 
Bonisicyon 
illacabo 
18.9 12         26.5  
Ekorus ekakeran 20.9 16.1 22.1 12.8 12.1 8.3 11 6.3 14.9 7.2 35.6  
Erokomellivora 
lothagamensis 
13.3 9.4         19  
Ictitherium ebu 18.7 14 23.6 13.1 16.1 9 14.9 6.9   24.1 185 
Ikelohyaena 
abronia 
21.6 16.7       19.6 9.1   
Hyaenictis sp. 24.5 19       20.7 9.8 35.2  
Hyaenictitherium 
parvum 
      16.7 9 18.9 9.4   
Lokotunjailurus 
emageritus 
27.6  38.2 11.8       33.2  
Vishnuonyx 
angololensis 
  15.3 12.9         
Viverra leakeyi   20 12.8         
Genetta sp. A 6.5 4.3           
Viverrinae sp. 
indet. 
13.6 8.9         15.2  
Crocuta dietrichi 25.8 23.8   18.9 12.9 19.2 12.2 19.9 12.2 42.9  
Crocuta eturono 34.4 29.2         46.3  
Crocuta ultra 27.2 23.5 36.3 19.1 21.4 15.2 20.4 14.1 22 13 43  
Hyaena 
makapani 
19.5 15.5 27.8 16.2 17.6 12.3 17.4 10.5 17.9 9.9 37.4  
Lupulella sp. 17.8 11.9 18.6 8 10.3 3.8   10.3 4.5 18.6  
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Enhydriodon 
afman 
26.4 14.9         36.9  
Hydrictis gudho 15.6 8.9           
Torolutra 
ougandensis 
17.7 11.8 15.3 11.1       19.6  
Pseudocivetta 
ingens 
19.1 10           
Felinae indet. 12.2          13.6  
Dinofelis aronoki 28.7  35.2 13       34.6  
Dinofelis petteri 25.4  33.2 14.9         
Dinofelis 
piveteaui 
25.4  37.6 11.5       32.4  
Homotherium 
sp. 
35.8          53.4  
Megantereon 
whitei 
18.5  25.9 11.1       28.4  
 
 
APPENDIX 2: regression equations and measurements for bovids 
Body mass equations for bovids (Janis 1990): log (y) = a log (x) + b, where y = body 
mass in kg; x = independent variable in cm. 
Body mass equation for bovids based on lower first molar length (m1): log (y) = 3.52 log 
(x) + 1.372, %PE = 34; %SEE = 45.5. 
Body mass equation for bovids based on lower second molar length (m2): log (y) = 3.375 
log (x) + 1.119, %PE = 33.6; %SEE = 47.2. 
Body mass equation for bovids based on lower third molar length (m3): log (y) = 3.236 
log (x) + 0.745, %PE = 33.3; %SEE = 46.9. 
Body mass equation for bovids based on second upper molar length (M2): log (y) = 3.395 
log (x) + 1.061, %PE = 36.5; %SEE = 53.1. 
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List of Lothagam bovid taxa and measurements. 
Taxon tooth length (cm) Body mass (kg) 
Aepyceros premelampus 1.28 (m1) 56 
Alcelaphini indet A. 
(Lower Nawata) 
1.98 (m1) 261 
Alcelaphini indet B. 
(Upper Nawata) 
2.15 (m2) 173 
Alcelaphini indet C. 1.69 (m1) 148 
Boselaphini indet A. 
(Lower Nawata) 
1.39 (m1) 75 
Boselaphini indet B. 
(Upper Nawata) 
1.21 (m1) 47 
Bovini indet. 2.49 (m1) 585 
Gazella sp. 1.22 (m1) 47 
Madoqua sp. 0.69 (m1) 6 
Menelikia leakeyi - 150 (Bibi and Kiessling 
2015) 
Raphiceros sp. 0.95 (m1) 19 
Reduncini indet A. (Lower 
Nawata) 
1.32 (m1) 63 
Reduncini indet B. (Upper 
Nawata) 
2.5 (m3) 107 
Hippotragini indet A. 
(Lower Nawata) 
1.3 (m1) 60 
Hippotragini indet B. 
(Upper Nawata) 
2.05 (M2) 131 
 
 
Body mass estimates of Koobi Fora bovids from Bibi and Kiessling (2015). 
Taxon Body mass (kg) 
Aepyceros melampus 
 
80 
Aepyceros shungurae 50 
Antidorcas recki 34 
76 
 
 
Beatragus antiquus 210 
Connochaetes gentryi 170 
Damaliscus eppsi 
 
300 
Gazella granti 
 
60 
Gazella praethomsoni 20 
Kobus ellipsiprymnus 170 
Kobus kob 70 
Kobus oricornus 
 
100 
Kobus sigmoidalis 
 
165 
Menelikia leakeyi 
 
150 
Menelikia lyrocera 130 
Parmularius altidens 165 
Pelorovis oldowayensis 650 
Pelorovis turkanensis 400 
Simatherium kohlarseni 600 
Tragelaphus nakuae 200 
Tragelaphus strepsiceros 215 
 
